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THE INFLUENCE OF AFFERENT AND DESCENDING PATH- 
WAYS ON THE RHYTHMICAL AND ARRHYTHMICAL 
COMPONENTS OF MUSCULAR ACTIVITY IN MAN 
AND THE ANAESTHETIZED CAT 


By O. C. J. LIPPOLD, J. W. T. REDFEARN anp J. VUCO* 


From the Department of Physiology, University College London, and the 
M.R.C. Psychiatric Research Group, Graylingwell Hospital, Chichester 


(Received 26 June 1958) 


A normal muscular contraction is never perfectly smooth, and frequency 
analysis of a myographic record shows that in general there is a regular 
rhythmical component (which in man is about 9 ¢/s; in the cat about 15 c/s) 
the mechanism of which seems to be based upon oscillation in the stretch 
reflex (Lippold, Redfearn & Vuéo, 1957). There is also an irregular component 
in the frequency spectrum of muscular activity not dependent upon the stretch 
reflex, because it is still present after deafferentation (Perkins, 1945) and 
occurs in tabetics (Halliday & Redfearn, 1958). | 

It became apparent, during a study of the frequency spectra of various types 
of tremor (e.g. thyrotoxic tremor, emotional tremor, shivering, etc.), that this 
random element had a variable amplitude under different circumstances 
although the over-all tension in the muscle remained the same. Thus the 
random component could make up a varying proportion of the total strength 
of a muscular contraction. 

In this paper, variability of the random element has been confirmed by 
comparison of the mechanical records of various types of muscular movement. 
These were shivering (in man and the cat), reflex contraction (in the Yat), 
voluntary contraction (in man) and muscular activity resulting from electrical 
stimulation of the motor cortex of the cat. 


METHODS 
Human experiments 
Production of shivering. Twenty-two young adult male subjects were made to shiver by stripping 
them naked and pouring cold water over them until they did so. 
Recording apparatus. Tremor of the forefinger, and separately of the middle finger, was recorded 
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at a voluntary tension of 50g both in flexion and extension (separately). An R.C.A. 5734 
mechano-electronic transducer was connected to a bending bar via a ball joint. The bending bar 
was attached to a stirrup for the finger (Fig. 1). One oscilloscope displayed the isometric tension 
so that the subject was able, by superimposing the two cathode ray spots, to maintain a steady 
tension of any desired value (50 g). A second oscilloscope working at greater amplification, with 
a time constant of 0-5 sec, was used to record the tremor photographically on film moving at 
2-5 cm/sec. 

Frequency analysis. The tremor record was used to modulate a 5 kc/s signal from an oscillator, 
thus giving a photographic record in the form of a black silhouette. This was enlarged eight 
diameters and printed on a continuous paper strip by means of an automatic printing machine. 


Finger exerting extension 


Stirrup 


joint R.C.A, 5734 
Limiting transducer 


Fig. 1. The apparatus used for recording tremor of the forefinger. An electronic transducer is 
attached to a bending bar, the deformation of which is linearly related to the force exerted 
by the finger in the stirrup. | 


Lengths of tracing 125 em long (representing about 6 sec duration) were attached to the peri- 
phery of a flywheel, 125 cm in circumference, which was rotated up to a speed of 1500 rev/min 
and allowed to slow down exponentially on its own, the process taking about 40 min. Lamps and 
photocells recorded the trace and a calibration mark. Resonant circuits fed by these energized 
two pen recorders. The principle of this method of frequency analysis has been described by 
Barber, Ursell, Darbyshire & Tucker (1946). 


Animal technique 

Shivering. Cats were lightly anaesthetized by an intraperitoneal injection of veterinary 
Nembutal (pentobarbitone sodium, Abbott) 25-35 mg/kg body weight and ether by mask if 
necessary. If the depth of anaesthesia was correct most animals shivered spontaneously or on 
slight cooling of the skin, provided that the body temperature was between 35° and 38° C. Shivering 
was arrested by warming. 

Operatiwe technique. The tibialis anterior muscle was prepared for recording by the method of 
Brown (1938). For cortical stimulation a trephine hole was made over the motor cortex. In some 
animals all the dorsal roots supplying the lower limb were divided. 

Transducer and amplifiers. The methods of recording the tension of the tibialis muscle were 
described by Lippold, Redfearn & Vuéo (1958). Frequency analyses of these records were made 
with an Ediswan analyser, the recordings being transcribed on to magnetic tape for storage 
purposes. This was achieved by a frequency modulation system (transitron-Miller oscillator to 
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modulate the signal; Eocles-Jordan trigger circuit feeding a diode-pump and integrating network 
for demodulation) because tape will not directly accept the low frequencies involved and amplitude 
modulation on tape suffers from an unduly high noise level when replayed (Fig. 2). 

Tibialis anterior R.C.A. 
5734 


| 


Freq. anal. 


De-mod. | 


Fig. 2. Block diagram of recording system used in the experiments upon tibialis anterior (cat). 
was housed elsewhere. 


RESULTS 


Experiments in man. The subjects were required to maintain as accurately as 
possible 50 g tension during a voluntary contraction. This was done for 20 sec 
periods, under normal conditions and later during shivering. Thus the shivering 
records were the result of a combination of voluntary activity with that due 
to shivering. For purposes of this paper all the results have been pooled and 
are shown in Fig. 3, which gives the frequency spectra of normal voluntary 
contraction (N) and that of the same muscle when shivering (S). Since the 
conditions were isometric the Y axis represents force of contraction, while 
the X axis shows frequency. It is to be noted that in these spectra as frequency 
increases the amplitude of the frequency components falls off progressively. 
This is associated with the method of recording which does not allow free 
movement of the finger. When free movement of the finger is allowed and 
acceleration is plotted against frequency, the base level of the spectrum 
remains roughly horizontal. If, on the other hand, the spectrum is presented 
a8 @ power spectrum, which is usual engineering practice, the Y co-ordinates 
are squared and the spectrum falls off with frequency even more speepey than 
in the present case. 

It can be seen from this eran that the shivering spectrum is generally 
similar to the normal one but that the amplitude is greater at all frequencies. 


The shivering curve shows the hump between 6 and 12 c/s which is well known 
1-2 
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to occur in the normal subject. This hump, which is associated with the stretch ' 
reflex, appears to be relatively larger in the shivering muscles. 

Cat experiments. Figure 4 shows the frequency analysis of tension recordings : 
from the tibialis anterior of an anaesthetized cat under different conditions. _ 
C is the activity due to cortical stimulation (at 75 c/s and of pulse width and — | 


4 6 8 10 12 14 16 18 

Frequency (c/s) 

Fig. 3. Frequency spectra of tension records obtained from the middle finger exerting an upward 
tension (extension) of 50 g. N is the pooled results from 27 normal subjects. 8S is the curve 
obtained from 22 of the same subjects after shivering was induced. It represents the com- 
bination of activity due to shivering with that of voluntary contraction. 


> 


Amplitude (arbitrary units) 


2 


4 


l i i 
6 8 10 12 14 16 18 20 22 24 26 28 30 
Frequency (c/s) 

Fig. 4. Tibialis anterior, anaesthetized cat (sodium pentobarbitone, 35 mg/kg intraperitoneal). 
Frequency analyses of: R, sustained reflex activity produced by sensory stimulation of the 
same limb; C, cortical stimulation (pulses at 75 c/s; duration and voltage adjusted to 
maintain an approximately constant contraction strength); S, shivering activity. The mean 
tension during each of these three procedures was maintained at the same value. 
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voltage sufficient to give the required average tension); R, reflex contraction 
produced by appropriate pressure on the ipsilateral foot and S, shivering. 
The average tension produced by procedures C and R was adjusted in each 
case to be equal to that obtained in 8, which depended upon heat transfer, 
body temperature, etc., but which remained fairly constant for 4-5 min 
periods. 

| 


Fig. 5. Anaesthetized cat. Tension records from tibialis anterior. NS, during normal shivering. 
DS, 1 min after cutting the dorsal roots L5, L6, L7 and S81, on the same side. 


Animals with intact reflex arcs gave results which showed that the overall 
tremor amplitude was greater at all frequencies when activity was due to 
shivering. Cortical stimulation and reflex activation produced much smoother 
contraction. | 

Fig. 5 shows the effect of deafferentation of a muscle which is shivering. 
When the dorsal roots L5, L6, L7 and 81 were cut on the same side, there 
was an immediate reduction in the amplitude of the shivering in tibialis 
anterior(and the remainder of the limb) and the tension record became irregular. 
After a short, variable delay, the amplitude regained its former level, but the 
regular oscillations due to the reflex arc had disappeared, leaving an irregular 
tracing. 

This is confirmed by analysis (Fig. 6). After cutting the dorsal roots the 
regular activity at 15 c/s is absent. There is, however, still considerable 
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activity in the muscle but of an irregular nature, spread over the whole 
frequency range. 

In the deafferented muscle as in the normal, cortically induced sisadieihint 
was smoother than the contraction due to shivering. 


10° 


— 


~ 


Amplitude (arbitrary units) 


w 


i i 
4 8 12 16 20 24 
Frequency (c/s) 
Fig. 6. Frequency spectra derived from the experiment of Fig. 5. Open circles, shivering before 
deafferentation. Closed circles, shivering after deafferentation. The hump at 15 c/s is absent 
in the second curve, but the irregular activity remains. 


DISCUSSION 

These experiments show that the tension in a muscle during shivering is 
produced by a more irregular contraction than is the case during normal 
voluntary activity. In both man and the cat the frequency spectrum of 
shivering has a greater amplitude at all frequencies than it has in the case of 
voluntary or reflex contraction. Thus, in shivering, for any given contraction 
strength, a greater proportion of the force produced is oscillatory in character ; 
moreover this oscillatory activity is spread throughout the frequency range 
and not limited to 9 c/s. 

The shivering frequency spectrum shows the hump (about 9 oft i im man; 
15 c/s in the cat) which occurs in the normal spectrum of muscular activity 
and is associated with oscillating feed-back in the stretch reflex servo-loop. 
It appears to be relatively larger in shivering muscle, which suggests that 
gamma efferent activity is increased during shivering. However, the gamma 
system is not indispensable for shivering, as is shown by the fact that deafferen- 
tation does not abolish the random activity. 

Perkins (1945) shows recordings from rabbit muscles which illustrate this 
point. They are of the muscular activity in the hind limb during shivering 
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before and after deafferentation. Beforehand, the record shows a fairly 
regular rhythm at about 15 c/s, whereas after section of the dorsal roots the 
activity is irregular but not absent. We have submitted enlatgements of 
Perkins’s records to frequency analysis which confirms that the 15 ¢/s oscilla- 
tions are removed on interrupting the reflex arc. Thus, after deafferentation, 
there is still shivering activity present, distributed over the whole frequency 
As tremor amplitude is“known to be proportional to the muscular force 
being exerted (Sutton, 1956), there is the possibility that shivering is solely 
due to increased alpha activity. In the intact limb, the simultaneous con- 
traction of prime movers and their antagonists might generate the requisite 
heat without giving rise to external tension or movement and might be 
expected thus to produce an increase in tremor. Such a hypothesis could not, 
however, account for the major part of the muscular activity taking place in 
shivering, because our results have shown that (a) shivering can occur in 
tenotomized muscle, and (6) that for a given tension in a muscle (i.e. a given 
amount of alpha activity) the fraction of this tension due to tremor can vary; 
there is more tremor in a 50 g contraction due to shivering than there is in a 
cortical or reflex contraction of the same strength. | 

Birzis & Hemingway (1956, 1957a, b) have shown that a pathway pro- 
ceeding from the posterior part of the hypothalamus, passing laterally and 
dorsally through the brain stem until it reaches the lateral columns of the 
spinal cord, is responsible for shivering in the cat. This also seems to be true 
in the human (Uprus, Gaylor & Carmichael, 1935). Destruction of this tract 
abolishes shivering, stimulation causes it and electrodes placed in the tract 
give evidence of electrical activity during shivering. For a review of the 
evidence concerning these pathways see Birzis & Hemingway (1956). 

The mechanism by which activity in this tract gives rise to shivering is not 
yet known. Birzis & Hemingway claim that the impulses going down the 
pathway are not timed in a manner which could account for shivering but 
constitute a steady stream of activity. They conclude that the muscular 
oscillations are produced at a spinal level through the action of the stretch 
reflex, but, as we have demonstrated, the presence of the stretch reflex is not 
necessary for shivering to occur. Nor is the amplitude of the oscillations 
merely a function of the tension developed in the muscle due to the activity 
of the alpha motoneurones. Thus shivering cannot be explained solely on the 


basis of increased muscular tone or increased reflexes or a combination of | the i an 


two. 

A smooth muscular contraction must be the result of random activity of 
motor units. Loss of this smoothness might arise in several different ways. 
(a) If the tract concerned with shivering is composed of a number of fibres which 
is small relative to the number of innervated motoneurones, synchronization 
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would be expected to occur. Thus one descending fibre would drive several 
motoneurones synchronously. A tract composed of a relatively large number 
of fibres such as the pyramidal tract, would not, on the other hand, be likely 
to give rise to this effect. (b) In shivering, the descending impulses might 
originate synchronously, although this possibility seems unlikely in view of 
Hemingway’s results. (c) Synchronization can arise in the motoneurone pool. 
It is known that damage to anterior horn cells causes synchronous firing 
(Buchtal & Madsen, 1950) and there is some evidence that this factor is re- 
sponsible for the irregular tremor of mercurialism (Isch, Rohmer & Marx, 
1950) and that of poliomyelitis (Fessard, Léfébvre & Lérique, 1948). A similar 
motoneurone synchronization could be brought about by spreading inhibition 
or excitation within the pool, for instance, as a result of inhibition by Renshaw 
cells (Renshaw, 1941) which could be activated via the shivering pathway. 


SUMMARY 


1. The frequency spectrum of shivering in man was compared with that of 
normal muscular activity. The results show that the rhythmical and arrhyth- 
mical components are of greater amplitude during shivering, although the 
tension in the contracting muscles was the same. 

2. In order to show that this effect was not simply due to an increase in 
antagonistic activity without the production of external tension, comparison 
was made in the isolated tendon of m. tibialis anterior of the anaesthetized cat 
of shivering, reflex activity and activity resulting from stimulation of the motor 
cortex. 

3. In animals with intact reflex arcs, results similar to those in the human 
were obtained. When the afferents from the hind limb were cut, the arrhyth- 
mical component remained greater in shivering than in cortically induced 
activity at the same tension. The rhythmical component was abolished 
because this was due to self-oscillation in the reflex loop. 

4. Hypotheses to account for the increased irregular activity found in 
shivering are discussed and it is shown that shivering cannot be due merely 
to increased alpha activity, gamma activity, or a combination of the two. 
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THE EFFECT OF PRECURSORS OF 5-HYDROXYTRYPTAMINE 
ON GASTRIC SECRETION IN ANAESTHETIZED DOGS 


By J. W. BLACK, E. W. FISHER anp A. N. SMITH 


From the Departments of Surgery and Veterinary Physiology, 
Unwersity of Glasgow 


(Received 21 July 1958) 


It has been shown that 5-hydroxytryptamine (5-HT) is an inhibitor of gastric 
secretion (Black, Fisher & Smith, 19586). It is destroyed rapidly in the 
body by amine oxidase (Blaschko, 1952; Erspamer, 1955) and must be formed 
from precursors. The source of the precursors in the diet is the essential amino 
acid tryptophan and the pathway of formation follows a hydroxylation step to 
5-hydroxytryptophan (5-HTP) and decarboxylation to 5-HT. 

This paper describes experiments on the effects of 5-HT precursors, 5-HTP 
and L-tryptophan, on acid gastric secretion. A preliminary report of this work 
has already been published (Smith, Black & Fisher, 1957). 


METHODS 
The experiments were carried out on dogs anaesthetized with a solution of chloralose 2% (w/v) 
and urethane 20% (w/v); this solution was given intravenously in the dose of 2-5 ml./kg. The 
animals were starved for 24-36 hr before starting an experiment, unless stated otherwise. 
A gastric cannula was inserted into the most dependent part of the stomach and the contents 
were allowed to drain spontaneously after abdominal closure. Secretion was collected in a beaker, 
the volume measured and the acidity determined by titration. The methods are described by 
Black, Fisher & Smith (1958a). Histamine was given by infusion into one femoral vein and 
5-HTP into the other femoral vein by infusion controlled by a Palmer’s slow injection apparatus. 
L-tryptophan was fed orally or infused as an aqueous suspension directly into the second part of 

the duodenum through a cannula inserted at this site. 
Biological assay of 5-HT was performed by the method of Dalgliesh, Toh & Work (1953). Extracts 
of portal blood were examined for 5-HT, the extraction procedure being that of Toh (1954); the 
blood samples were taken from dogs which had been starved for 24—36 hr and also from dogs which 


had not been starved. The samples of portal blood were obtained by backflow through a polythene 


RESULTS 
Effects of 5-hydroxytryptophan on histamine-stimulated gastric secretion 
When 5-HTP was given intravenously for a period of 30min during continuous 
histamine-stimulated acid gastric secretion, the most striking effect was a fall 
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in the volume and acidity of the juice. Infusions of 5-HTP have been given 
on twenty-two occasions in sixteen dogs (Tables 1-4). The first effect was often 
a short-lived stimulation of acid gastric secretion. This is clearly seen in seven 
out of ten infusions listed in Tables 1 and 2, in which the values for the two 
or three collections, after commencement of 5-HTP infusion, may be raised. 
Inhibition of secretion was seen 30-45 min after starting the infusions and 
lasted for 1-2 hr (Tables 1, 2). In Table 1 three experiments are shown in 
which two successive infusions of 5-HTP were given. In two of these experi- 
ments the decrease in the histamine-induced gastric secretion associated with 
the second infusion of 5-HTP began more rapidly than after the first infusion. 


TaBLEe 1. Effects of infusing 5-HTP for 30 min on acid gastric ti lated by a continuous 


intravenous infusion of histamine 5 u.g/kg/min. The effects are shown of two successive in- 
fusions separated by at least 1 hr 


Free acid (m-equiv/15 min collection period) 


Dog 5-HTP Period of é 
Expt. (ug/kg/ infusion of 
no. (kg) min) 5-HTP 
1 14 5 0-72 O72 146 118 092 088 1-04 
5* 104 144 O80 006 O18 030 £078 
2 14 10 108 138 #$200 210 O46 030 0-70 
10* 070 O70 O62 O12 O15 O16 £078 
3 20 15 1209 84129 
15* O77 187 202 100 020 
* —repeated infusion 


TaBLE 2. The effects of infusions of 5-HTP and 5-HT for 30 min on acid gastric secretion stimu- 
lated by continuous intravenous infusion of histamine 5yug/kg/min. In two experiments 
5-HTP was given first; in the other two 5-HT was the initial substance infused. Conventions 


as in Table 1 
Dog Free acid (m-equiv/15 min collection period) 

Expt. wt, 5-HTPor5-HT Period of 

no. (kg) (yg/kg/min) infusion 
240 260 286 1-40 0-70 0-66 003 0-03 062 — 
5-HT 0-66 066 088 030 012 000 048 048 — — 
0-95 095 108 070 0-54 010 0-10 0-00 002 0-41 
5-HT 0-25 030 014 000 0-02 0-02 088 088 — — 
10 0:32 048 068 O14 040 040 046 050 — — 
5-HTP 0-50 0-62 0-66 0-66 0-34 0-32 0-22 0-07 0-06 0-06 
(oy cee oe 1:80 092 046 0-10 O12 0-64 0-48 0-66 0-94 


5-HTP 1-00 1-00 130 094 0-80 0-22 0-09 0-16 0-60 0-72 


In four experiments (Table 2) the effects of 5-HTP were compared with 
_ effects of 5-HT. In two experiments the injection of 5-HTP preceded the 
injection of 5-HT, and the order was reversed in the other two. There was a 
longer latency before the 5-HTP effects appeared, otherwise the effects of 
5-HT and 5-HTP were similar. 

When 5-HTP was given along with histamine for periods of 30 min at 
the beginning of three experiments (Table 3) it did not prevent the onset of 
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secretion; a fall in acid output occurred between 1 and 2 hr after the end of 
the 5-HTP infusion in the first two experiments recorded in this table. In the 
third experiment the animal received an infusion of 15 wg 5-HTP/kg/min, 
which was followed by no significant period of inhibition; indeed, the acid 
secretion rose from 0-28 to 1-8 m-equiv during the course of the experiment. 

A later infusion, given 1} hr after cessation of the first infusion, was followed 
by a fall in the secretory output (Table 3, No. 3). 


Tasie 3. Effects of 5-HTP when administered for 30 min with histamine 
5 wg/kg/min 1.v. at the start of an experiment. Conventions as in Table | 


Free acid (m-equiv/15 min collection period) 


kg 

22 5 0-61 0-92 0-96 0-42 0-34 034 016 0-09 , 
10 10 0-21 0-56 0-58 122 O58 0-58 0-48 048 0-82 0-84 1-60 
14 


80 
15* 1:80 196 1:82 040 0-75 0-86 0-06 


TasLe 4. Effect of 5-HTP on acid gastric secretion stimulated by intravenous infusion of 
histamine 5 ug/kg/min, after bilateral cervical vagotomy. Conventions as in Table 1. Secre- 
tions were collected at 15 min intervals before, during and after the 5-HTP infusions 

Free acid (m-equiv/15 min collection period) 


Dose of — 
5-HTP Period of 
Expt. (ug/kg/ infusion of 
no min) 5-HTP 


0-88 0-92 64 0-64 0-48 0-70 0-86 0-86 


In six experiments the vagi were cut in the neck, either before starting 
the experiment, following the infusion of 5-HTP (Table 4), or as a preliminary 
to double infusions of 5-HTP (Table 4, Nos. 5 and 6). It can be seen that 
vagotomy diminished the inhibitory effect of 5-HTP on acid gastric secretion. 
These results are similar to those previously described for 5-HT. 

Following each experiment involving the infusion of 5-HTP the stomachs 
were examined post mortem. In each case there was an absence of retained 
secretion but there was usually a variable layer of mucus lining the stomach 
wall. Small areas of haemorrhage and erosion were often seen, comparable to 
the pathological effects noted for 5-HT by Hedinger & Veraguth (1957) and 
for 5-HTP by Haverback & Bogdanski (1957) when these substances were 
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4 Dog 5-HTP Period of 
4 Expt. wt. (yg/kg/ infusion of 

no. 
2 3 
3 

* —repeated infusion 

5 0-96 1-28 188 1-75 160 1-36 1:24 1-26 1-26 

| 210. | 

3 5 0-17 O17 0-17 0-12 0-12 0-16 0-20 0-24 

; 4 10 ; 0-78 0-84 0-88 0-82 | 0-60 0-75 0-79 O81 0-81 

| = 5 ber: 0-91 1-06 cant 0-86 031 0-48 0-96 1-00 

6 10 >\0-43 1:16 148 150)" 1-00 0-66 010 0-28 0-88 

} §* 5 oF -: 100 0-80 0-82 0-60 0-64 0-62 0-64 0-64 

6* 10 £3 (1-00 0-94 0-90 0-92 0-60 0-70 0-68 0-66 0-66 

* —repeated infusions. 
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administered systemically. Blood-pressure changes during these experi- 
ments were similar to those produced by infusion of 5-HT, but the fall occurred 
after a variable latent period of several minutes; the levels in all instances 
remained above 100 mm Hg. 


Effects of tryptophan on histamine-stimulated gastric secretion 

Dalgliesh & Dutton (1957) have pointed out that the argentaffin cells of 
the alimentary tract might be the only source of 5-HTP, and they describe 
the intestinal mucosa as containing very large amounts of 5-hydroxytryp- 
tophan decarboxylase, implying that 5-HT is formed there and not merely 
accumulated and stored. The likelihood that the argentaffin cells form 5-HTP 
can be deduced from the fact that, in a patient with a tumour of the argen- 
taffin cells, 5-H'TP as well as 5-HT was excreted in the urine (Dalgliesh, 1956; 
Smith, Nyhus, Dalgliesh, Dutton, Lennox & MacFarlane, 1957). If, as far as 
5-HT is concerned, argentaffin cells are occupied principally with decarboxyla- 
tion, the great increase of these cells alone in the carcinoid tumour state would 
not be expected to increase the 5-HT output: in the normal animal tissue 
5-hydroxytryptophan decarboxylase is greatly in excess and lack of available 
substrate is the factor limiting higher 5-HT production (Dalgliesh & Dutton, 
1957). As 5-HT ouput increases grossly in the carcinoid cases it has to be 
presumed that 5-HTP, formed from the precursor L-tryptophan, is a principal 
product of the argentaffin cells, thus providing the necessary substance, in 
turn, for 5-HT production (Dalgliesh, 1958). 

On this assumption, that L-tryptophan may be converted to 5-HTP in the 
argentaffin cells, we have examined the effects of L-tryptophan on histamine- 
stimulated gastric secretion. Because of its presumed conversion locally in 
argentaffin cells, the L-tryptophan was given into the alimentary tract. It 
was given into the duodenum of starved dogs in three experiments about 3 hr 
before the establishment of secretion by histamine; in two other experiments 
it was given orally in divided doses over the preceding 12 hr. The results of 
these experiments are shown in Table 5. 

In the first three experiments the secretory output rose for 1 hr after the 
start of histamine infusion but failed to be maintained. The secretion fell 
between 1 and 2} hr and began to show recovery between 2} and 3 hr. In the 
fourth experiment the total acid output was never high, but increased up to 
14 hr and then decreased until, at 3 hr, there was no acid secretion at all. In the 
fifth experiment there was a marked delay in the secretory response, which was 
not fully elicited till 2} hr had elapsed. We should have expected with starved 
dogs, receiving continuous intravenous infusions of histamine, continuous 
secretion for at least 4 hr (Black et al. 1958a). 
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Tastz 5. Effect of administration of L-tryptophan to dogs (starved 24-36 hr) on acid gastric secre- 
tion stimulated by intravenous infusion of histamine 5ug/kg/min. Nos. 1-3 had tryptophan 
infused into the duodenum 4hr before onset of histamine stimulation. Nos. 4 and 5 were fed 
with tryptophan in the preceding 18 hr. (Line 6 is continuation of Expt. 5). Conventions as 


in Table 1 Free acid (m-equiv/15 min collection period) 
Dog Dose of Time from start (hr) 
Expt. wt. A ~ 

no. (kg) (mg) 7 1 1} 2 24 3 Mucus 
20 300 110 365 166 O25 084 1-83 ++ 
2. 300 470 115 O23 0-95 ++ 
3.6 OG 500 185 215 120 048 O19 0-65 + 

4 8 1200 = 400 002 O23 O33 O27 008 0-00 + 

6 il hourly for 004 O22 O31 083 O76 £40-76 + 

18 hr 0-72 O68 0-45 


Taste 6. 5-HT blood levels in samples taken from portal venous system of 
| (a) starved dogs and (6) recently fed dogs 
5-HT (ug/ml blood) 


(6) Recently fed dogs 


(a) Starved Starved 
dogs * 0 lhr 3 br 
O14 0-10 1-20 0-45 0-56 
0-11 0-14 0-15 0-12 0-12 
0-08 0-12 0-31 0-15 0-13 
0-13 0-10 0-18 0-21 0-26 
0-21 0-07 0-10 0-15 0-12 
Mean 0-12 0-40 0-38 0-32 
vs 0-28 0-20 0-24 0-24 
0-08 0-60 oni 0-56 
0-20 
“er Mean 0-39 0-24 0-29 
0-17 
Mean 0-14 


* Quoted from Toh (1954). 


The effect of food on the concentration of 5-HT in the portal blood 


It has been shown that in animals which have not been starved there is a 
fall in the acid secretory response to histamine (Black et al. 1958a). The dif- 
ference that has been reported between fed and starved dogs in this respect 
could be related to inhibition of histamine-stimulated acid secretion by 5-HT 
released locally. Stacey & Sullivan (1957) have shown that a high protein 
intake increases 5-HT stores in the wall of the intestinal tract. On the basis 
that 5-HT may be released from this site we have examined the 5-HT levels 
in the portal blood of fed dogs. The portal blood of fed dogs had more 5-HT 
than the portal blood from dogs starved 24-36 hr. The values given by Toh 
(1954) for starved dogs were also of a lower order (Table 6). 

Levels of 5-HT were also examined in fed dogs given histamine by infusion. 
Repeated blood samples were usually taken, one at one hour when secretion 
had reached peak levels and a second at two hours, when, in fed dogs, con- 
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siderable inhibition of acid secretion had been found. Examination of repeated 
portal blood samples showed no evidence of progressive change in 5-HT 
concentration. 
DISCUSSION 
The effects of 5-HTP on histamine-induced gastric secretion are similar to the 
effects of 5-HT, except that 5-HTP occasionally appears to increase gastric 
secretion as its first, though transient, action, and that, when it does eventually 
inhibit acid gastric secretion, it does so after a longer interval. It may be 
inferred that 5-HTP mainly affects gastric secretion after conversion to 5-HT. 
The precursor of 5-HTP and of 5-HT, 1-tryptophan itself, rarely produced an 
effect on the gastric secretion evoked by histamine comparable to the effect 
of 5-HT. It must be remembered that of the administered tryptophan as little 
as 1% is converted to 5-HTP and 5-HT (Sjoerdsma, Weissbach & Udenfriend 
1956). Recent feeding caused in our earlier experiments a marked fall in the 
acid secretion elicited by histamine (Black et al. 1958a). Although this fall 
may be the result of many factors, it is tempting to speculate that the decline 
of acid gastric secretion evoked by infusion of histamine in recently fed dogs 
is due to release of 5-HT. Toh (1954) has described how 5-HT is continually 
being released into the portal blood stream. Furthermore, he has described 
a substance capable of releasing 5-HT (1957) from the wall of the gastro- 
intestinal tract. In the present experiments in recently fed dogs the levels of 
5-HT im portal blood were higher in fed than in starved dogs. Stacey & 
Sullivan (1957) have shown that feeding raised the level of 5-HT in the wall of 
the intestinal tract. It may be that it is this fraction, acquired from precursors 
in the diet, which is responsible for the added amounts of 5-HT in the portal 
blood of fed animals and for the fall of acid secretion in the same animals in 
response to infused histamine. The fall in acid secretion in the fed animals 
occurs at about 12 hr, which is approximately the time taken for the decline 
in acid secretion when 5-HTP is given at the same time as histamine. 
Dalgliesh & Dutton (1957) suggest that the argentaffin cells may be the sole 
site of formation of 5-HTP. Activity of these cells in the gastro-intestinal tract 
would locally increase the tissue stores of 5-HT; on the other hand, secretion 
of 5-HTP from these cells into the blood stream could be expected to influence 
5-HT concentration in the tissues. Release of 5-HTP in or from the argen- 
taffin cell could influence gastric secretion, either through a predominantly 
restricted local effect on 5-HT levels, or via a general effect on 5-HT levels in 
various tissues after general hormonal release of 5-HTP. One important site 
that might be influenced in this way is a central one, if there is a central 
inhibitory mechanism for the control of gastric secretion. . 
In conscious dogs equipped with Heidenhain (vagally denervated) pouches, 

Haverback, Bogdanski & Hogben (1958) have found an inhibitory effect of 
5-HTP on the spontaneous secretion, the secretion elicited by hypoglycaemia 
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and cholinergic substances, but not by histamine. In view of the fact that in 
all our experiments we have found that the inhibitory effects of 5-HTP and 
5-HT were partly dependent on an intact vagal innervation, it could be pre- 
sumed that these substances were capable of influencing a central site for the 
control of gastric secretion. This could take place directly or via reflexes, 
possibly with ingoing fibres in the vagus and with inhibitory efferent fibres in 
the vagus, as postulated by Pavlov (1902), or in the sympathetic nervous 
supply to the stomach itself. 


SUMMARY 


1. Intravenous infusions of 5-HTP were followed by a fall in the output of 
histamine-stimulated gastric secretion in anaesthetized dogs. Occasionally 
5-HTP stimulated acid gastric secretion for a short time as its first action. The 
effects of 5-HTP were otherwise similar to those of 5-HT, except that they 
occurred after a longer latent period. 

2. In previously starved anaesthetized dogs, feeding with tryptophan before 
the start of an experiment led to a fall in acid output between | and 3 hr after 
the onset of histamine-stimulated secretion. 

3. The 5-HT levels in portal blood were found to be higher in fed than in 
starved dogs, but the levels did not increase after infusions of histamine. 

We should like to thank Professors C. F. W. Illingworth and W. L. Weipers for their encourage- 
ment and interest in this work. 
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THE RELEASE OF 5-HYDROXYTRYPTAMINE IN RELATION 
TO PRESSURE EXERTED ON THE INTESTINAL MUCOSA 


By EDITH BULBRING anv A. CREMA 
From the Department of Pharmacology, University of Oxford 
(Received 28 July 1958) 


In a recent investigation (Biilbring & Lin, 1958) it was found that small 
amounts of 5-hydroxytryptamine (5-HT) were continuously released into the 
lumen of an isolated loop of intestine. The quantity released was directly 
related to the height of intraluminal pressure. Experiments carried out to 
ascertain whether 5-HT was liberated as a result of pressure on the mucosa, 
or as a result of peristaltic activity which was evoked by raising the pressure, 
were not entirely conclusive. When peristaltic activity was abolished either 
by blocking mucosal sensory receptors with procaine, or by blocking intra- 
mural ganglia with hexamethonium, the correlation between pressure and 
5-HT release was still observed. However, the extent to which 5-HT release 
was augmented on raising the intraluminal pressure was less. It was therefore 
concluded that muscular activity contributed to the mechanism releasing 
5-HT, probably by causing, during a peristaltic wave, a considerable additional 
rise in pressure on the mucosa. 

The present work was carried out in order to investigate further the 
mechanism of 5-HT release. 


METHODS 
Experiments in vivo 

Guinea-pigs were used throughout. The animal was anaesthetized by an intravenous injection of a 
mixture of 0-6% chloralose + 10% urethane (5 ml./kg). One hour after the injection the abdomen 
was opened and a piece of ileum close to the caecum, 5-7 cm long, was cannulated at both ends. 
Tyrode solution was passed through the lumen as in the method described by Bilbring & Lin 
(1958) for isolated loops of intestine. The fluid flowed from a Marriotte bottle, the height of which 
could be changed, through a narrow tube at a slow rate into the oral end of the intestine. This 
was connected to a vertical glass tube acting as a water manometer, the pressure being recorded, 
by air transmission, with a float recorder. The caudal end of the intestine was connected to a 
T-piece, one arm of which led to a valve. As a rubber valve constituted a certain resistance we 
used a float valve made of Perspex, as shown in Fig. 1. Fluid entered at A and lifted the conica! 
Perspex float, which was, however, held in a vertical position by the side arm projecting across 
the tube. The fluid left the tube from the side arm B. The height of the water column in the tube 
was maintained by the outlet of the syphon tube. 
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When the side arm of the T-piece was closed fluid flowed only as a result of active peristaltic 
propulsion. In the absence of peristalsis fluid was collected from the side arm of the T-piece. The 
animal lay on its back and the out edges of the body wall were lifted up to make a pool. The whole 
abdominal cavity with the perfused loop of intestine covered by a piece of muslin was bathed by a 
continuous drip of Tyrode solution at 37° C. Though the two cannulae were held rigidly, the 
intestine was not stretched between them and could move freely. 


Experiments in vitro 
A few experiments were carried out on isolated loops of intestine using the method described 
by Bilbring & Lin (1958). In order to study the effect of pressure exerted on the mucosa, it was 
necessary to exclude the contribution due to the contractions of the muscles in the gut wall. 
A piece of intestine was therefore turned inside out and slipped over a Perspex rod, 10 cm long 


A 


A 
Fig. 1. Float valve to record fluid propulsion against constant water pressure (at broken line). 
Inflow at A, outflow at B. For further description see text. 


and of 5 mm diameter, with grooves at both ends where the cut ends of the intestine were tied to 
the rod. In this way the muscle could only contract around the rod and the mucosa was on the 
surface, The rod with the intestine around it was placed in a Perspex tube of 11 mm internal 
diameter and 12 cm long; it was fixed along the axis of the tube, one end being held by the 
stopper. Tyrode solution entered through a hole in the stopper and left the tube through a hole 
at the other end. The whole perfusion tube with the inverted intestine inside was immersed in 4 
constant temperature bath. The pressure exerted upon the mucosa could be altered by changing 
the height of the reservoir; the rate of flow could be regulated by adjusting the height of the out- 
flow tubing. In this way it was possible to obtain different pressures while maintaining a constant 
flow, which was about 0-5 ml./min. 


Estimation of 5-HT 
The isolated rat stomach preparation (Vane, 1957) was used for estimating 5-HT. Samples were 
tested at 5 min intervals and allowed to act for 90 sec, after which the fluid in the bath was 
changed every 30sec. A vibrator was used to prevent friction of the lever (Bilbring, Crema & 
Saxby, 1958). The preparation was sensitive to 1-2 x 10-"5-HT. Even so, the amounts of 5-HT 
2-2 
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in the effluent collected in the absence of peristalsis were occasionally 30 small that none could be 
detected. The rat stomach preparation was suspended in Locke’s solution containing hyoscine and 
mepyramine, each in a concentration of 1 x 10-*/ml., to prevent contractions due to acetylcholine 
or histamine which might have been present. The contractions produced by the samples and by 
the 5-HT standard solutions were completely abolished by BOL (2-brom-p-lysergic acid diethy|- 
amide) 10-°. 


RESULTS 
The effect of atropine on the correlation between intraluminal pressure 
and 5-HT release 

Raising the intraluminal pressure in normal loops of intestine produced, in 
the experiments of Biilbring & Lin (1958), on the average a fourfold increase 
in 5-HT release (maximum 50 times). In the presence of hexamethonium or 
procaine the 5-HT release at comparable pressures was only doubled. When the 
peristaltic reflex was blocked, co-ordinated peristaltic waves were, of course, 
abolished. However, during the persistence of a high intraluminal pressure 
and the prolonged distension of the intestinal wall, incoordinated muscle 
contractions still occurred; they were often strong and caused irregular 
pressure changes. We observed similar contractions in the presence of atropine. 
For example, in normal conditions the threshold of pressure required to 
elicit the peristaltic reflex was 18 mm H,O. The 5-HT release at subthreshold 
pressure of 8 mm was 1-34 ng/min, and at 25 mm water pressure it was 3-33 ng/ 
min. In the presence of atropine 5 x 10-* in the bathing solution no peristalsis 
occurred at 25 mm. Instead there were spastic contractions; these persisted 
although the atropine concentration was raised to 10-* and, perhaps because 
of the spasm, the 5-HT release was 5-67 ng/min. When the pressure was 
lowered it was not possible to pass fluid through the lumen at 8 mm pressure 
as before, and in order to overcome the spasm the pressure had to be 16 mm, 
at which the 5-HT release was 1-67. Thus atropine like hexamethonium and 
procaine abolished the peristaltic reflex, but muscle contractions still occurred 
and the release of 5-HT at high intraluminal pressure was three times greater 
than at low pressure. 


Expervments on inverted loops of intestine concerning the correlation 
between intraluminal pressure and 5-HT release 

In order to exclude the changes in pressure produced by muscle contractions, 
experiments were carried out on loops of guinea-pig ileum which were turned 
inside out and slipped over a Perspex rod. The loop could not shorten, and 
circular contractions could exert pressure on the rod inside but not on the 
mucosa. The preparation was placed inside a tube through which Tyrode 
solution was passed. The perfusion pressure could thus be changed and the 
5-HT content in the effluent be estimated. In each experiment the pressure 
was raised twice and the results are shown in Table 1. Each pressure was 
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tested for a period of 30 min, thus every experiment lasted for 2 hr. The 
5-HT release rose gradually during this period, except in Expt. 3. The second 
change in pressure caused a smaller change in 5-HT release than the first, 
except in Expt. 2. The degree of change produced by raising the pressure varied. 
On the average the 5-HT release was increased about three times. 


The effect of ACh on the release of 5-HT 


Though, in the inverted intestinal loop, muscle contractions could not con- 
tribute to the pressure exerted on the mucosa, ACh might still be liberated 
and might cause a release of 5-HT. Biilbring & Lin (1958) found that ACh 
added to the fiuid passing through the intestinal lumen, in concentrations 
from 10-* to 10-*, stimulated peristalsis. There was the possibility that it 
did so by releasing 5-HT. This was tested in three experiments on the 


TasBLE 1. Release of 5-HT from inverted pieces of intestine at difference pressures (ng/min) 


Factor 
Pressure (mm H,O) ... 6-10 45-50 Low 
Expt. 1 0-033 0-33 10-0 
0-18 1-00 5-5 
2 0-048 0-28 5-8 
0-06 0-57 9-5 
3 0-30 0-44 1-5 
0-10 0-13 1:3 
4 0-06 0-17 2-8 
0-42 0-83 2-0 
5 0-22 1-20 55 
1-10 1-20 1-1 
6 1-00 2-30 2-3 
1-15 2-50 2-2 
7 0-80 6-30 79 
1-10 3-20 2-9 
Mean 0-47 1-46 3-2 


inverted intestine at pressures from 8 to 25mm H,0. It was found that 
the addition of ACh to the perfusion fluid in concentrations from 1 to 3 x 10-* 
had no effect on the 5-HT release. 


The effect of BOL and of atropine on the action of ACh and 5-HT 
on peristalsis 

In another series of experiments the actions of 5-HT and of ACh were tested 
on peristaltic activity of isolated loops of guinea-pig ileum, using the method 
described by Biilbring & Lin (1958). At a constant pressure head of about 
20 mm H,O regular peristaltic waves occurred at a rate of about 1-2/min, 
propelling about 1 ml. of fluid each time. In order to produce transient effects, 
drugs were not added to the perfusion fluid in the reservoir but doses were 
injected into the fluid at a short distance before it entered the lumen of the 
intestine. ACh 50-200 ug stimulated peristalsis, as did 5-HT in the same or 
half the dose, lowering the threshold of intraluminal pressure at which the 
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reflex occurred. The effect of such a short application of the drug was very 
transient, affecting only one or two contractions, but equivalent doses of 
ACh and 5-HT could be found and they could be given repeatedly. 

When BOL was injected into the lumen in a single large dose (300 yg) 
the action of 5-HT was abolished but that of ACh was not. Figure 2a shows 
the effect of 100 zg 5-HT before injecting BOL (a), and the ineffectiveness of 
300 pg 5-HT after this (6), when ACh 200 yg was still effective (c). The addi- 
tion of BOL 10-* to the perfusion fluid diminished the action of 5-HT 
leaving that of ACh unchanged, whereas BOL 10- at first produced the dif- 
ferential effect like that of a single large dose, but after prolonged exposure to 
BOL 10-* the action of ACh was gradually diminished and finally also abolished. 


5-HT 5-HT ACh 


ACh ACh 5-HT 
+ Atr. + Atr. 


Fig. 2. Isolated guinea-pig ileum. Records in upper tracings: P <intraluminal pressure (threshold 
marked by dots); F <fluid propulsion through the valve; V =volume of fluid transported. 
(a) intraluminal injection of 100 wg 5-HT; (6) 300 ug 5-HT; (c) 200 pg ACh. Between (a) and 
(6) 300 wg BOL was injected into the lumen. Records in lower tracings from another experi- 
ment; intraluminal pressure (P) only recorded. (d) 100 wg ACh and 100 wg ACh +40 pg 
atropine; (e) 100 ug 5-HT +80 ug atropine. 


Similar experiments were carried out using atropine. In order to prevent 
blockage of the peristaltic reflex atropine was not added to the perfusion fluid 
in the reservoir but was always injected simultaneously with the dose of the 
drug. Doses of atropine which were less than 1/10 of the dose of ACh had no 
effect but doses of atropine which were more than 1/10 of that of ACh abolished 
its action. When the same or twice the dose of atropine was injected with 
5-HT its action remained unchanged. This is illustrated in Fig. 2d and e. 

-Thus BOL abolished the action of 5-HT but not that of ACh, whereas 
atropine abolished the action of ACh but not that of 5-HT. These results 
suggest that the action of ACh was not due to a liberation of 5-HT. 
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5-HT release from the intestinal mucosa in relation to intraluminal 
pressure wn anaesthetized guinea-pigs 

We confirmed in the whole animal the results obtained on isolated loops of 
intestine. Guinea-pigs were anaesthetized with chloralose-urethane. A piece 
of ileum of length similar to those used in vitro was cannulated at both ends 
and Tyrode solution was passed through at different pressures. The 5-HT 
content of the effluent was estimated and the 5-HT release was calculated in 
ng/min. The threshold at which the peristaltic reflex occurred was higher in 
vivo than in vitro (Straub & Viaud, 1933) and it varied from one experiment to 
another, probably because of variations in the depth of anaesthesia. Moreover, 
the pressure had to be maintained at a higher level and peristaltic activity had 


TaBLe 2. Release of 5-HT from intestinal mucosa in relation to intraluminal pressure in 


Pressure 5-HT Factor of 

Expt. (mm H,0) $(ng/min) (mm H,0) (ng/min) change 
1 25 0-8 70 2-0 2-5 
25 2-6 60 10-0 3-9 
20 0-8 40 3-0 3-7 
2 15 8-0 80 40-0 5-0 
15 1-4 45 10-0 7-2 
15 2-8 45 95-0 34-0 
3 25 7-0 60 18-0 2-6 
4 15 1:3 40 75 5-8 
5 15 3-0 60 28-0 9-0 
6 15 2-1 45 14-0 6-7 
7 20 0-6 60 15-0 25-0 
8 25 1-2 50 5-5 4-6 
Mean 15-25 2-6 40-80 20-5 79 


a different pattern. It was not as regular in vivo as in vitro. Sometimes it 
occurred in bursts lasting about 2-3 min which were separated by intervals of 
2-10 min; sometimes it was quite irregular. 

The changes in 5-HT release produced by raising the intraluminal pressure 
(40-80 mm) are given in Table 2. The amount of 5-HT released in different 
animals varied over as wide a range as that found in vitro by Biilbring & 
Lin (1958). In some animals the resting 5-HT release was as high as that of 
other animals during peristalsis. Nevertheless, in each individual experiment 
there occurred an increase in 5-HT release when the intraluminal pressure was 
raised. The increases varied over a very wide range, from 2 to 34 times; the 
average increase was 8 times. Biilbring & Lin (1958) applying lower pressures 
(25-30 mm) in vitro found a range from 2 to 50 times, but in the inverted 
intestine the increase was never more than 10 times. Jn vivo there was no 
decline in the extent to which 5-HT release was increased when the pressure 
was raised repeatedly. Nor was there a clear relation between 5-HT release 
and the actual pressure head in the reservoir. But there was a relation to 
intestinal motility and to secretion of mucus. Samples which contained a 
large amount of mucus also contained a large quantity of 5-HT. 
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The effect of hexamethonium 

The influence of motility was further studied by giving hexamethonium 
(1-2 mg/kg) and determining the 5-HT release upon raising the intraluminal 
pressure. The results are given in Table 3. Though the peristaltic reflex was 
abolished, frequent muscle contractions still occurred. Hexamethonium 
depressed 5-HT release. It reduced, but did not abolish, the increase in 5-HT 
release upon raising the intraluminal pressure. These results supported the 
view that the contribution to the pressure exerted upon the mucosa by peri- 
staltic contractions was considerable. 


Taste 3. The effect of hexamethonium (1-2 mg/kg) on release of 5-HT in relation to 


pressure, in anaesthetized guinea-pigs 
5-HT (ng/min) 
Controls Hexamethonium _ 
Pressure Low gh Low High 
Expt. 1 7-0 18-0 0-8 3-0 
2 13 7-5 10 2-4 
3 3-0 28-0 2-3 7-7 
The effect of peristaltic activity 


Several experiments were therefore carried out in which, at a constant pres- 
sure head, samples of fluid were collected during periods of peristaltic activity 
and during the intervening periods of rest. Fig. 3 illustrates an experiment of 
this kind. While the pressure was subthreshold the 5-HT release was very low 
(0-7 ng/min). When the pressure was raised, the release during the first 10 min 
increased 10 times (shaded column). In this period there were bursts of peri- 
stalsis and also periods of rest. The next sample was collected during a period 
of inactivity (white column) and the next during peristalsis (black column). 
This was repeated three times, collecting either during movement, or during 
rest, or collecting a mixed sample over a period of 10 min. The 5-HT release 
rose above 30 ng/min when there was a burst of peristaltic waves. During 
the intervals it fell as low as 3-6 ng/min (average 8-7), and the mixed samples 
varied between 5 and 15 ng/min. Though in this experiment the 5-HT release 
declined somewhat, there was no progressive decline of 5-HT release in other 
experiments. In one experiment at a pressure of 45 mm it remained at 15 ng/ 
min for 1} hr; in another experiment the 5-HT release varied widely, but at a 


pressure of 50 mm it was as great at the end of the fourth hour as it was at the 
end of the first hour. 


5-HT' release as a result of pressure exerted on the mucosa 
In order to establish whether the release of 5-HT was the result of pressure 
exerted on the mucosa or whether it depended on the muscle contractions 
during peristalsis, all the figures available have been summarized in the graph 
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shown in Fig, 4. The logarithm of the amount of 5-HT released at low pres- 
sure has been plotted in relation to the logarithm of the amount of 5-HT 
released in the same experiments when the pressure was raised. Each point 
therefore represents a pair of observations. The initial amounts at low 
pressure varied between 0-03 and 14-0 ng/min, and the amounts released upon 
raising the pressure varied from 0-13 to 95-0 ng/min. In general, if the initial 
5-HT release was small, the amount appearing at high pressure was also 
relatively small; and in those preparations in which the initial release was 
large, relatively large amounts of 5-HT appeared when the pressure was 

raised. Thus the relative effect of raising the pressure was similar in all 


mi 


5-HT release (ng/min) 


30 45 60 B® 
Time (min) | 
Fig. 3. Ordinates =5-HT release (ng/min) from guinea-pig ileum in vivo; abscissa =time. White 
columns =samples collected during inactivity; black columns=samples collected during 
peristalsis; shaded columns = mixed samples collected over 10 min period. For further details 
see text. 
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experimental conditions tested, as is shown by the points which are grouped 
around the calculated regression line which was highly significant (P < 0-001). 

The absolute amounts of 5-HT released from normal intestine in vivo and 
in vitro were of the same order. The slightly greater effect of pressure in vivo 
is shown by the fact that the points obtained in vivo are found in the upper 
region of the group. On the other hand, the points obtained after treatment 
with hexamethonium, atropine and procaine are found in the lower region of 
the group, showing that the effect of raising the pressure was reduced when 
peristaltic contractions were abolished. Neither of the two differences was 
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sufficiently large to be statistically significant. Muscle contractions, often of 
high frequency or of spastic nature, causing irregular pressure changes, were 
present in all preparations in which the peristaltic reflex was abolished by 
pharmacological means. The only experiments in which muscle contractions 
could no longer contribute to the pressure exerted on the mucosa were those 
carried out with the inverted intestine. The absolute amounts of 5-HT re- 
leased in these conditions were of a lower order of magnitude. But the pro- 
portionality between the low and high pressure release of 5-HT was also in 
this group not significantly different from that in normal conditions. 

The observations summarized in Fig. 4 suggested that 5-HT release was 
the result of pressure exerted on the intestinal mucosa. Muscular contractions 
contributed, particularly when they were peristaltic waves which caused a 
considerable further increase of pressure. 


DISCUSSION 
The view that pressure on the intestinal mucosa causes the release of 5-HT 


is supported by the present work. The results obtained in vivo are similar to 


those obtained by Biilbring & Lin (1958) in vitro. Indeed, in vivo the increase 
in 5-HT release produced by raising the pressure was on the average greater 
than in vitro. This may be due to the fact that in vivo a higher pressure is 
required to elicit the peristaltic reflex. Moreover, the initial filling pressure is 
usually more than doubled during a peristaltic wave. As in the living animal 
bursts of peristaltic waves occur at more or less regular intervals it was possible 
to make two comparisons: first, the comparison of 5-HT release at a constant 
fillmg pressure during periods of peristalsis with the 5-HT release during the 
intervals of rest; and secondly, the comparison of the 5-HT release during 
the intervals of rest at high filling pressure with the resting 5-HT release at 
subthreshold pressure (see Fig. 3). The results leave no doubt that in the absence 
of peristaltic activity more 5-HT is released at high pressure than at low 
pressure, and that at high filling pressure the peristaltic contractions greatly 
augment the release of 5-HT into the lumen. 

When the peristaltic reflex was abolished by hexamethonium or atropine, 
a rise in intraluminal pressure still increased the release of 5-HT. These drugs 
did not, however, abolish all muscular activity and the resulting irregular 
pressure changes. The effect of muscular activity was excluded in experiments 
on inverted intestinal loops, in which the muscle contracted around a rod and 
could not exert any pressure on the mucosa. Also in these conditions the 
5-HT release was increased when the mucosa was exposed to a higher pressure. 

The experiments exclude neither a nervous nor a humoral mechanism as a 
cause for the liberation of 5-HT. There is no evidence for a cholinergic mechan- 
ism. Acetylcholine applied to the mucosa had no effect on the amount of 
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5-HT released. Moreover, in the presence of atropine, hexamethonium and 
procaine, the 5-HT release was still increased by raising the pressure. 

The enterochromaffine cells frequently extend along the base of the epithe- 
lium. In this position they may be particularly exposed to mechanical effects 
resulting from the distension of the gut wall normally associated with increased 
filling pressure. The possibility suggests itself that they might be neuro- 
secretory cells in which deformation leads to the release of 5-HT. 


SUMMARY 

1. Experiments were carried out in vivo, on guinea-pigs anaesthetized with 
chloralose-urethane, in which fluid was passed through a loop of intestine 
and the release of 5-HT was measured in relation to intraluminal pressure. 

2. A rise of pressure from 15-20 mm H,O, which was subthreshold, to 
40-80 mm H,0O, when peristalsis occurred, increased the release of 5-HT on 
the average eight times. 

3. Ata constant filling pressure the release of 5-HT was very much greater 
during bursts of peristalsis than during the intervening periods of rest. 

4. Hexamethonium or atropine, which abolished the peristaltic reflex, did 
not abolish the augmentation of the release of 5-HT upon raising the intra- 
luminal pressure. 

5. In inverted loops of intestine, in which muscle contractions could not 
exert pressure upon the mucosa, the release of 5-HT was reduced. However, 
exposing the mucosa to higher pressure in the perfusion system still increased 
the release of 5-HT. 

6. No evidence was found indicating that acetylcholine might be a mediator 
liberating 5-HT. 

7. It is concluded that the release of 5-HT is a result of pressure upon the 
mucosa. 


This work has been done during the tenure by one of us (A. C.) of a Riker Fellowship, for which 
he wishes to express his thanks to the Riker Laboratories, Ltd. We are most grateful to Mr O. B. 
Saxby for the construction of apparatus and to Dr R. B. Fisher for helpful discussion. 
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THE ACTION OF 5-HYDROXYTRYPTAMINE, 5-HYDROXY- 
TRYPTOPHAN AND RESERPINE ON INTESTINAL 
PERISTALSIS IN ANAESTHETIZED GUINEA-PIGS 


By EDITH BULBRING ann A. CREMA 
From the Department of Pharmacology, University of Ozford 
(Recewed 28 July 1958) 


There are two sites of action at which 5-hydroxytryptamine (5-HT) affects 
peristalsis in isolated loops of intestine. When it is applied to the serosal surface 
by adding 5-HT to the fluid in the bath, it causes a transitory stimulation 
(Beleslin & Varagi¢, 1958; Biilbring & Crema, 1958), followed by paralysis 
(Kosterlitz & Robinson, 1957; Ginzel, 1957). The short stimulation is probably 
due to a sensitization of muscles and ganglia, while the paralysis appears to be 
due to ganglionic block (Biilbring & Crema, 1958). Another action of 5-HT 
is seen when it is applied to the mucosal surface (Biilbring & Lin, 1958). The 
pressure receptors which initiate the reflex arc are situated in the intestinal 
mucosa (Biilbring, Lin & Schofield, 1958). When 5-HT is introduced into the 
intestinal lumen it sensitizes these mucosal receptors and may also stimulate 
chemoreceptors. The result is that the threshold at which the reflex is elicited 
is lowered, and the number of peristaltic waves and consequently the fluid 
_ transport is increased. The observations suggest that this action of 5-HT is of 
physiological significance. Biilbring & Lin (1958) showed that 5-H is released 
into the intestinal lumen, and that raising the intraluminal pressure causes 
an increase in 5-HT release. Further, when the precursor of 5-HT, 5-hydroxy- 
tryptophan (Gaddum & Giarman, 1956; Udenfriend, Titus, Weissbach & 
Peterson, 1956), is infused into the lumen, very large amounts of 5-HT appear 
in the effluent and peristaltic activity is greatly increased. 

The question whether a rise in intraluminal pressure would cause an increase 
in the amount of 5-HT appearing in the lumen was further investigated in the 
preceding paper (Biilbring & Crema, 1959). It was found that in the living 
animal, as well as in the isolated intestine, the 5-HT release was related to 
the intraluminal pressure. The cause appeared to be the pressure exerted on 
the intestinal mucosa. 

The present work was designed to see whether the effects of 5-HT on 
peristalsis observed in vitro were reproducible in vivo, i.e. whether a similar 
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facilitation of the peristaltic reflex occurred when 5-HT was administered 
into the intestinal lumen, intravenously or intra-arterially. 

In addition, an attempt was made to deplete local 5-HT stores with reserpine 
in order to decide whether 5-HT was of primary importance or whether its 
function in the mechanism of the peristaltic reflex was only secondary. 


METHODS 


Normal guinea-pigs were anaesthetized by intravenous injection of chloralose-urethane (0-6 %, 
chloralose in 10% urethane), 1 ml./100 g, one hour before the experiment. Reserpine-treated 
guinea-pigs tolerated only half of the normal anaesthetic dose without respiratory arrest, and in 
order to avoid this they were injected subcutaneously. As surgical anaesthesia was usually not 
obtained the skin of the abdomen was infiltrated with procaine. This had the additional advantage 
of preventing cardiac fibrillation which was found to be a cause of death in these animals. The 
reserpine-treated guinea-pigs were given artificial respiration throughout the experiment. 

The experimental arrangement for perfusing one loop of intestine in vivo has been described 
previously (Biilbring & Crema, 1959). In the present investigation two loops of intestine were 
used in many experiments. The animal was put on its back on a heated table and warmed from 
above by an infra-red lamp keeping the temperature constant at 38° C. The abdomen was opened 
in the mid line and two pieces of ileum of 5-8 cm length were cut, leaving them mesentery and 
blood supply intact. They were covered with muslin and kept moist by a constant drip of warm 
Tyrode. One piece served as control, and in different experiments it was alternately more oral 
or aboral than the other piece. Fluid was passed through the lumen of both loops. They were 
connected to the same reservoir, but isolated from each other by a pair of valves so that the 
perfusion pressure for the two loops was the same, but the contractions of one loop could not 
change the pressure in the other. 

In most experiments the intraluminal pressure was recorded, showing the threshold pressure 
and changes produced during peristalsis. Fluid transport was either recorded with a volume 
recorder or directly measured when it was collected for 5-HT estimation (for details see Biilbring & 
Lin, 1958). 

Drugs were injected into the intestinal lumen, or intravenously into the jugular vein, or intra- 
arterially into a small branch of the mesenteric artery supplying the loop of intestine under 
observation. Care was taken to ensure that the injection reached only this piece of intestine and 
did not escape into branches supplying adjoining parts. 

The 5-HT estimation in the effluent was done by Vane’s method (1957) on the rat stomach 
preparation in the presence of hyoscine and mepyramine, both in a concentration 1 x 10-". The 
contractions produced by the samples were abolished by BOL (2-brom-p-lysergic acid diethyl- 
amide) in a concentration of 1 x 10-°. 

At the end of many experiments the loops of intestine were removed and immediately dropped 
into ice-cold Tyrode. The loop was then opened; the mucosa was quickly dried with filter paper, 
scraped off and weighed. The extract for estimating 5-HT content was made using the method 
described by Udenfriend, Weissbach & Clark (1955) and modified by Cargill-Thompson, Hardwick 
& Wiseman (1958), and Baker (1958). 

A few experiments were carried out on isolated loops of intestine es the methods described 
by Biilbring & Lin (1958) or by Balbring, Crema & Saxby (1958). Doses of 5-HT are expressed 


in weight of 5-hydroxytryptamine Iphate kindly supplied by Sandoz Ltd. We are 
indebted to May and Baker Ltd., for the supply of 5-hydroxytryptophan and to Ciba Ltd. for 
reserpine. 
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RESULTS 
The pressure required to elicit the peristaltic reflex in a piece of intestine in 
situ in the living anaesthetized guinea-pig was higher than that in isolated 
loops (see also, Straub & Viaud, 1933). Moreover, when peristalsis occurred 
it usually continued for a few minutes only, so that the pattern was quite 
different from that observed in vitro. Bursts of peristaltic waves alternated 
with periods of rest as described by Leo (1933), who showed that the frequency 


_ of this cycle was different in different parts of the intestine. 


The stemulant action of 5-HT and 5-HTP on peristalsis at low intra- 
luminal pressure when there was little or no peristaltic activity 

When the intraluminal pressure was kept at about threshold height or just 
below, the spontaneous activity was minimized. In this condition, 5-HT, 
when added to the fluid passing through the intestinal lumen in concentrations 
from 1 x 10-* to 1 x 10-*, had no effect. But a single large dose caused a burst 
of peristalsis. This effect was produced not only when 5-HT was administered 
into the intestinal lumen but also when injected intra-arterially or intra- 
venously. The doses required were, however, very different. They were of the 
order of 0-1—0-2 ug intra-arterially, 4-10 ug intravenously and 100-200 ug 
into the lumen. The exact size of equally active doses could not easily be 
determined because of the occurrence of desensitization by all three routes of 
administration: This was most pronounced after injection into the lumen and 
was probably due to the rapid adaptation of mucosal sensory receptors which 
did not respond to large doses of 5-HT after previous treatment with sub- 
threshold doses (Biilbring & Crema, 1958). 

For example, Fig. 1 shows the effects of 200 ug 5-HT intraluminally and 
10 ng 5-HT intravenously given alternately. Whereas the first two intra- 
luminal applications produced propulsive waves (record F) and a fluid trans- 
port of 3 ml., the third and fourth applications produced small contractions 
but no propulsive activity. The intravenous injection, on the other hand, 
caused similar contractions and 2 ml. fluid transport each time. It may be 
noted that the intestinal contractions, recorded by a volume recorder (P), 
appeared to be larger after intravenous administration, but that the fluid 
transport (V) was smaller than after intraluminal application. This discrepancy 
is even more obvious in Fig. 2a where a dose of 100 ug into the lumen was 
compared with 2 yg intravenous and 0-1 yg intra-arterial administration. 
From the volume recorder (P) registering the pressure changes produced by 
circular muscle contractions the three doses appeared to be equally active. 
However, the movements produced by intravenous injection, which seemed 
to be the most vigorous, had the smallest propulsive efficiency (F and V). 
This will be further discussed later. 
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The results obtained by intravenous injection of 5-HT were complicated by 
its effect on the general blood pressure and possibly other systemic effects. 
While small doses produced first a fall followed by a rise in blood pressure, 
larger doses caused a rise only. This is illustrated in Fig. 3. Later experiments 
were therefore carried out by giving 5-HT into the lumen or intra-arterially, 
as neither had any effect on the blood pressure. 


LY. LL. 


1 min 
Fig. 1. Guinea-pig, chloralose-urethane. Record of peristalsis of a piece of ileum in response to 
injections of 5-HT; 200 ug into the lumen (11.) and 10 ug intravenously (1.v.). Method of 
Bilbring & Lin (1958): P= intraluminal pressure; F = fluid propulsion; V = volume 
transported; each vertical line ~ 1 ml. For description see text. 


Intra-arterial injection of 5-hydroxytryptophan (5-HTP) was also effective 
in starting peristalsis in a quiescent preparation. The doses required were 
larger than those of 5-HT producing a similar effect. Fig. 2b shows for com- 
parison the effect of 0-2 wg 5-HT and 50 wg 5-HTP. Smaller doses of 5-HTP 
were effective by slow infusion, starting peristalsis at a subthreshold pressure. 


The action of 5-HT and 5-HTP on the pressure threshold 


Experiments were carried out in which the intraluminal pressure was 
raised in steps of 5 or 10 mm until peristalsis was elicited. The presence in the 
lumen of 5-HT in concentrations from 10-* to 10-* had no effect. Intravenous 
and intra-arterial infusion of 5-HT (total 2-6 ng within 10 min) sometimes 
lowered the threshold by 10 mm H,O. But the most conclusive results were 
obtained not by infusing 5-HT but by infusing the precursor, 5-hydroxy- 
tryptophan. 

In the experiment shown in Fig. 4 the intraluminal pressure was raised 
in steps of 10mm H,O every 2min. In three preliminary control runs 
peristalsis started at 40 mm and was vigorous at 50 mm (a). Intra-arterial 
infusion of 5-HTP 1-2 wg/min lowered the threshold to 30 mm (b), but did 
not increase the propulsion at 50 mm. When the 5-HTP infusion was stopped 


tl 
b 
re 


cu 


> 
] 
} 

5 

{ 

ag 
» 


SES 


5-HT ON INTESTINAL PERISTALSIS 


the sensitivity of the intestine was disturbed: the threshold was still at 30 mm 
but no peristalsis occurred at 40 mm, while propulsion was somewhat in- 
creased at 50 mm (c). There followed a period (d) during which the threshold 
rose above the initial value. | | 
Table 1 summarizes the results obtained on the pressure threshold with three 
different concentrations of 5-HTP, 50, 100 and 200 ug/ml. infused intra- 
arterially at a constant rate of 0-012 ml./min. Lower concentrations of 
5-HTP were ineffective. Higher concentrations caused depression. The main 
effect of 5-HTP was to lower the threshold of pressure at which peristalsis 
started. At pressures just above threshold 5-HTP did not so much increase 
the number of contractions as their propulsive efficiency. However, at higher 


iL. LY. LA. 


AT LA. LA. 
Fig. 2. Records as Fig. 1. (a) Comparison of the effects produced by injecting 5-HT: 100 ug into 
lumen (1.1.); 2 ug intravenously (1.v.), 0-1 ug intra-arterially (1.4.); (b) from another experi- 
ment: 0-2 pg 5-HT and 50 yg 5-HTP intra-arterially. 
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pressures the fluid transport was diminished in the presence of 5-HTP. In 
Expts. 1 and 2 there followed, after the infusion of 5-HTP had been stopped, 
a period in which the volume of fluid per contraction was greatly increased, 
though the effect on pressure threshold was already disappearing. 


56 4-4 25 


Propulsion; 2°8 


36 mi. 


5- ug 


Hg VA. ug LY. BE LL. UE 


Fig. 3. Blood pressure changes (lower record) and fluid propulsion (upper record) and volume 
transported (figures on top) as a result of injections of 5-HT, intravenously (1.v.), intra- 
arterially (1.4.) and into the lumen (1.L.). Time marker, 30 sec. 


(a) (b) (c) (d) 
Control 5-HTP 1st 2nd su uent 
40 


H,0 


mi. 


Fig. 4. The effect of intra-arterial infusion of 5-HTP on the threshold of intraluminal pressure «1 
which the peristaltic reflex is elicited. Records as Fig. 1. For details see text. 


The action of 5-HT and 5-HTP on peristaltic activity 
at high intraluminal pressure 
When the pressure at which the fluid entered the lumen was 40-50 mm H,0, 
the intestine showed more or less regular bursts of peristalsis. In such activ« 
preparations prolonged administration of 5-HT into the lumen in concentra- 
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tions from 10-* to 10-* only occasionally increased peristalsis, but not beyond 
the range of spontaneous variation, and subsequently depressed it. The only 
clear stimulation was observed when a large dose of 5-HT was injected into 
the fluid entering the lumen, so that it acted at a high concentration for a 
short time only. This is illustrated by the experiment shown in Fig. 5, where 
100 pg 5-HT intraluminally lowered the threshold of pressure, increased the 
frequency of contractions and increased the fluid transport. Intravenous or 


TaBLE 1. The effect of 5-hydroxytryptophan infused intra-arterially for 30 min on the pressure 
threshold and peristaltic efficiency (C = number of contractions; V = volume of fluid 
transported in ml.) 


Experiment 1 
Pressure ... 30 mm 35 mm 40 mm 45 mm 
CV CV 
Control 0 0 6 9 8 13 47 
00 8 6 714 6 18 
5-HTP (0-6 yg/min) 3 3 6 10 9 15 7 15 
9 10 6 14 5 13 -_ + 
Control 0 0 6 5 8 17 9 28 
0 0 8 13 6 19 9 22 
00 9 17 6 14 5 9 
Experiment 2 
Pressure ... 30 mm 40 mm 50 mm 
CV CV COV 
Control 0 0 715 - - 
0 0 24 9 20 
5-HTP (1-2 ug/min) 8 ll 6 13 - 
6 12 6 13 6 16 
Control 56 7 0 0 12 28 
0 0 0 0 9 14 
0 0 5 ll - = 
Experiment 3 
Pressure ... 20 mm 25 mm 30 mm 35 mm 40 mm 45 mm 
OV CV OV CV. 
Control 0 0 0 0 20 2 2 5 8 9 20 
0 0 0 0 | 6 10 24 
5-HTP (2-4 pg/min) a | 5 9 6 ll 5 9 5 12 ll 22 
3 3 23 $::3 6 12 6 16 5 15 
Control 0 0 S..4 5 7 7 8 7 15 7 20 
0 0 0 0 6 14 5 13 5 13 6 18 
0 0 714 Ba 5 13 6 15 6 14 


intra-arterial injection of 5-HT in an active preparation caused very transient 
stimulation followed by paralysis. 5-HT was found to be most effective in 
increasing peristalsis when it was given by slow intra-arterial infusion at a 
rate of 1 ug/min. Such an experiment is illustrated in Fig. 6. The records of 
peristaltic activity in two loops of intestine (A and B) are shown; (a) before 
and (6) during the intra-arterial infusion of 5-HT into a small branch of the 
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mesenteric artery supplying one loop (B). This infusion caused an increase in 
fluid transport from 3-2 ml./min to 5-3 ml./min. Its effect was strictly limited 
to the site of injection, the control loop (A) being entirely unaffected. Further 
details of this experiment are included in Table 2 (Expt. 10). 


Fig. 5. The effect of injecting 100 yg 5-HT into the intestinal lumen. Records as Fig. |. 
Note the lowering of threshold (marked with dots). 


A slow infusion of 5-HTP was also given at a constant high intraluminal 
pressure during spontaneous activity. A typical record of the spontaneous 
pattern im vivo is shown in Fig. 7(a). During the period shown, there were 
three bursts of activity with a total of 70 contractions transporting 101 ml., 
i.e. an average of 1:44 ml. per peristaltic wave. During an intra-arterial 
infusion of 5-HTP 10 pg/ml. at a rate of 0-012 ml./min, Fig. 7 (5), i.e. 0-12 
min (total 2-4 yg), there were 62 contractions transporting a total of 140 ml., 
i.e. an average of 2-3 ml. per peristaltic wave. There was thus a 44 °% increase 
of propulsive efficiency. The number of contractions was actually slightly less 
but they occurred more regularly spaced and without pauses. Desensitization 
was, however, evident, the contractions being more frequent at the beginning 
than at the end of the infusion. 

The results so far suggested that the action of 5-HT and 5-HTP in vivo were 
similar to those in vitro. It was, however, difficult to obtain stimulation without 
subsequent paralysis, particularly when 5-HT was present in the lumen for 
long periods, after adding it to the fluid in the reservoir. The tendency to 
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Fig. 6. Intraluminal pressure recorded from two pieces of ileum (A and B) in vivo; (a) before, 
(6) during intra-arterial infusion of 5-HT, 1 yg/min, into a branch of the mesenteric artery 
supplying loop B. 


No. of contractions 22 26 
Vol. (mi.) 34 


(b) 


No. of contractions 10 7 8 10 62 
Vol. (mi) 20 #20 #20 20° 20 
Fig. 7. Peristaltic activity in a piece of ileum. (a) Spontaneous, (b) during intra-arterial infusion 


of 5-HTP, 0-12 yg/min. The number of contractions and the volume of fluid transported are 
given above (a) and below (6). 
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tachyphylaxis was also greater in vivo than in vitro, Intra-arterial infusion 
of 5-HT and particularly of 5-HTP ‘had the strongest action on propulsive 
activity. 


The action of 5-H1'P on 5-HT release, fluid transport and 
on the 5-HT content of the intestinal mucosa 

In this series of experiments fluid was passed through the lumen of two 
loops of intestine, one serving as control exposed to the same experimental 
conditions as the loop which was treated with 5-HTP. This substance was 
given intra-arterially or into the lumen in most experiments for a period of 
1 hr at rates ranging from 0-1 to 100 yg/min. The results are summarized in 
Table 2. In doses below 20 ug/min, 5-HTP caused a 2-20 times increase in 
the 5-HT release and a 1-5—5 times increase in fluid transport. In doses above 
20 »g/min 5-HTP caused an increase of 5-HT release which rose from 100 to 
1000 times the normal amounts ; at the same time fluid transport was diminished. 
In one experiment (No. 9) the maximum amount of 5-HT released was 2000 
times greater than the normal value. Expt. 10 (the same as Fig. 6) shows the 
results obtained when, instead of the precursor, 5-HT was infused. The effect 
was similar to that produced by small amounts of 5-HTP. 

When the mucosal 5-HT content of two adjoining pieces of intestine from 
the same animal was determined, similar amounts were found (7-3 and 6-6 yg 
5-HT/g wet wt. mucosa). However, the individual variation in mucosal 
5-HT content of the control pieces in Table 2, taken from different animals, 
was considerable (from 3-0 to 8-1 ug/g). The amounts are similar to those 
found by Feldberg & Toh (1953) in dog’s intestinal mucosa, 4-10 pg/g. After 
1 hr infusion of 5-HTP the intestinal mucosa contained more 5-HT than the 
control in every experiment. The effect was the same whether the amounts of 
5-HTP given were large or small. Moreover, the difference in 5-HT content 
was not outside the normal range, the ratio of the treated to the untreated 
tissue varying from 1-1 to 2-5. 

Thus it appeared that the infusion of small amounts of 5-HTP increased 
5-HT release and improved peristalsis (but not outside the normal range), 
while larger amounts of 5-H'TP increased 5-HT release to abnormal values and 
depressed peristalsis. The mucosal content was always increased; but even 
when release was increased 1000 times, the mucosal content remained within 
normal limits. 


The effect of 5-HTP appeared after a short latent period of afew minutes. _ 


The maximum increase in 5-HT release was reached at different times during 
the hour’s infusion, sometimes after 5 min, sometimes only during the last 
10 min of a 1 hr period of infusion. 
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The effect of prolonged treatment with reserpine, and 
the action of 5-HTP in reserpine-treated animals 

The normal mucosal 5-HT content was found to be very variable, ranging 
from 2-9 to 8:1 ywg/g with a mean of 5-4 yg/g (14 observations). Treatment with 

reserpine reduced the mucosal 5-HT content to a mean of 0-57 pg/g (13 
observations), i.e. to 10% of the normal value. Table 3 shows that the reserpine 
effect was not related to dosage, but that the depletion was greater when the 
reserpine was given intravenously than intraperitoneally. Reduction of the 
5-HT content below 5% was obtained by repeated intravenous injections 
given on the previous day, 24 and 16 hr before the experiment; and sometimes 
a third intravenous injection was given 1-2 hr before the experiment started. 
The doses ranged from 5 to 40 mg/kg. About 50% of the animals died 
immediately after injection. Death appeared to be due to bronchospasm 
and the heart was found to fibrillate. Those which survived usually had fits 
of convulsions and were often prostrate and their respiration was impaired. 
When they recovered from the acute symptoms they appeared to be asleep, 
but when touched they were highly excitable and aggressive. They often bit 
the bars of the cage, chewed continuously, and bit their fur as if suffering from 
itching. All animals developed severe diarrhoea and were dehydrated. They 
were supersensitive to the anaesthetic; respiration was easily arrested. For 
this reason all reserpine-treated animals had artificial respiration. | 

When the abdomen was opened the intestine was found to be empty. When 
the loops were cannulated and the intraluminal pressure was raised, the 
intestinal activity was in every experiment abnormally vigorous. Fluid pro- 
pulsion of 10-13 ml./min was no exception, the normal fluid transport; being 
1-5 ml./min. This is shown in Fig. 8. The initial overactivity declined in 
some experiments rapidly, in others gradually in the course of 1 hr. The 
results are summarized in Table 4. Only in one experiment (the first in Table 4) 
did peristalsis stop after the first few minutes. This animal had been treated 
for 5 days with intraperitoneal injections and it was in very bad general con- 
dition, possibly also in part owing to peritonitis. The 5-HT content of its mucosa 
was still 1-1 ug/g, which was not excessively low and was unlikely to have 
been the reason for the absence of peristalsis. The experiment is nevertheless 
included to show that even when the spontaneous release of 5-HT had fallen 
below the amounts which could be estimated, the intraluminal infusion of 
5-HTP caused a large amount of 5-HT to appear in the effluent. 

In each experiment the slow infusion of 5-HTP over a period of 1 hr, intra- 
arterially or intraluminally, increased the 5-HT release from 2 to 1000 times. 
The average fluid transport was unchanged or it was diminished, though some- 
times there was a transitory increase in fluid transport and in the number of 
contractions. In Fig. 8 records are shown from Expt. 4 in Table 4. Peristaltic 
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activity was similar in the two loops of intestine; i.e. very vigorous at the 
start and then it gradually diminished. The infusion of 5-HTP increased 
5-HT release and stimulated peristalsis in the experimental loop, but left 
the control loop unaffected. The mucosal 5-HT content was not changed 
by infusing 5-HTP; it remained at the reduced level. 

Thus in the reserpine-treated animals the decarboxylation of 5-HTP was 
not impaired though the mucosal tissue could no longer store 5-HT. The 
depletion of the mucosa was considerable. But even when the mucosal content 
was only 1-2% of the average, normal peristalsis was unimpaired. This 


Vol 


Fig. 8. Guinea-pig treated with reserpine, 10 mg/kg, intravenously 16 hr before the experiment. 
Records of intraluminal pressure in two pieces of ileum (A and B). Quantities of 5-HT 
released (ng/min), and of the volume of fluid transported (ml./min), on top of each tracing. 
Time in minutes before and after the start of the 5-HTP infusion (100 yg/min intra-arterially) 
below each tracing. Time marker, 30 sec. 
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suggested that either 5-HT was not essential for the peristaltic reflex, or 
traces of 5-HT still present were sufficient to exert the decisive effect. In order 
to abolish this effect some experiments were carried out using a 5-HT- 
antagonist. 
The effect of BOL on peristalsis in reserpine-treated animals 

A guinea-pig was injected intravenously with 5 mg/kg reserpine 3 times: 
24, 16 and 2 hr before the experiment. The peristaltic activity of 2 loops of 
intestine 32 min after the beginning of the experiment is shown in Fig. 9a. 


(a) 


(c) (d) 


Fig. 9. Guinea-pig treated with reserpine 3 x 5 mg/kg intravenously 24, 16 and 2 hr before the 
experiment, Records of intraluminal pressure in two pieces of ileum (A and B) (a) before, 
(6) after 40 min in the presence of BOL 10-*, (c) 15 min after increasing BOL concentration 
by intraluminal infusion of 100 yg/min, (d) 5 min after stopping BOL infusion. Time marker, 
30 sec. 
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During the intraluminal perfusion with BOL 10-, peristalsis appeared to be 
reduced, but at the same time peristalsis also declined spontaneously in the 
control piece (Fig. 96). The concentration of BOL was now raised by infusing 
100 »g BOL/min into the lumen which (as the fluid transport was then about 
2 ml./min) raised the concentration to 5x10-*. This stopped peristalsis 
(Fig. 9c). However, only 5 min after stopping the BOL infusion peristalsis 
recovered to its previous rate (Fig. 9d). At the end of the experiment the 
amount of 5-HT in the mucosa was 0-140 g/g in the control piece, and 0-135 
pg/g in the piece treated with BOL. In another experiment a similar result 
was obtained. The guinea-pig received two intravenous injections each of 
10 mg reserpine/kg on the previous day. Though the mucosal content was the 
lowest ever obtained (0-04 yg/g in the control and 0-03 yg/g in the piece treated 
with BOL), peristalsis was vigorous. Intraluminal infusion of 10 ng BOL/min 
reduced peristalsis, but there was still some propulsive activity after 25 min. 
At this time injection of 5-HT was ineffective. A rise of intraluminal pressure 
had no effect either, though the control piece responded by increased activity. 

The conclusion was reached that intraluminal application of BOL in the 
reserpine-treated animal, as in the normal animal, reduced peristalsis but did 
not abolish it in concentrations which abolished the action of added 5-HT. 
When the BOL concentration was raised further peristalsis stopped. This was, 
perhaps, an unspecific effect on ganglia, as it was reversible within a few 
minutes on removing the BOL. The possibility remained that 5-HT was 
continuously made in the mucosa and further experiments were carried out 
in an attempt to inhibit decarboxylase. | 


The effect of isoniazid in reserpine-treated animals 

‘According to Davison (1956) isoniazid inhibits decarboxylases in vivo and 
in vitro, the concentrations required to cause 50% inhibition in vitro being 
10-* m, and in vivo 250 mg/kg. Three guinea-pigs were treated with reserpine, 
receiving a total amount of 35 mg/kg in two intravenous injections on the 
preceding day. 5-HT release was recorded before and during the intra- 
arterial or intraluminal infusion of isoniazid (300-800 ug/min), which was 
given over a period of 1 hr. This was followed by an infusion of isoniazid + 
5-HTP 100 yg/min also for a period of 1 hr, during-which 5-HT release was 
measured. Finally, the mucosal 5-HT content was determined. The results 
are shown in Table 5, In two animals the initial 5-HT release was high and 
declined in the course of the first hour. During the infusion of isoniazid, 
5-HT release remained low but it did not cease. During the infusion of 
isoniazid +5-HTP, however, the amount of 5-HT in the effluent was greatly 
increased. Thus, though in one experiment isoniazid was injected intravenously 
as well as infused in a concentration as high as 800 g/min into the intestinal 
lumen, there was no, or only a partial, inhibition of the decarboxylase. As the 
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mucosal content was raised in every experiment the inhibitory effect on 
amine oxidase (Pletscher, 1958) was probably more pronounced than that 
on decarboxylase. 


Tas.E 5. The effect of isoniazid and 5-HTP on 5-HT release and mucosal 5-HT content - 
of the intestine in reserpine-treated guinea-pigs 
5-HT release (ng/min) 


Mucosal 5-HT content 
During 
; Initial During additional Control Test 
Reserpine treatment period isoniazid 5-HTP (ug/g) (ug/g) 
15+20 mg = 35 mg/kg 1.v. 300 ug/min 100 pg/min — 
LL. lhr Lu. Lhr 
35-0 1-5 72-0 
6-5 36-0 
1-9 5-0 — 0-13 0-28 
0-6 
0-08 “adie 
17+17 mg = 34 mg/kg 1.v. — 500 pg/min 100 pg/min 
LA. LL 
2-0 0-4 0-3 
<01 0-17 600-0 0-10 0-80 
2-3 0-04 49-0 
17+17 mg = 34 Kg — 800 pg/min 100ug/min 
Also: isoniazid 1 LL. LL. 
expt. 100 mg/kg 1.P., at zero 100-0 < 01 8-0 
time 50 mg/kg 1.v + 10 ‘ ee | 
4 2-0 
< 01 2-0 13-0 | 
8-0 
— — 8-0 


The effect of 5-HTP and isoniazid on 5-HT release and fluid transport 
in isolated intestine from reserpine-treated guinea-pigs 

A few experiments were carried out on isolated loops of intestine because 
it was thought that in vitro the store of 5-HT still available after reserpine 
treatment might be more readily exhausted and that the decarboxylase 
activity would also decline. Table 6 shows the results of four experiments, three 
of which were done in collaboration with Dr R. C. Y. Lin, to whom we are 
indebted for allowing us to include the results. They show clearly that the 
biosynthesis of 5-HT was not reduced by reserpine treatment even when doses 
as large as 100 mg/kg reserpine 1.P. or 34 mg/kg 1.v. had been given. Besides, 
isoniazid did not abolish decarboxylation of 5-HTP. Moreover, although the 
5-HT release fell to very low values, it could still be increased by raising 
intraluminal pressure. The relatively weak peristaltic activity in these loops 
of intestine working in the isolated organ bath for 5 or 6 hr was not surprising 
as the general condition of the animals was severely affected. It could not be 
attributed to 5-HT depletion, which was never reduced to zero. The mucosal 
5-HT content of Expts. A, B and C was not determined. In Expt. D it 
was reduced to 0-7 yg/g. One other guinea-pig, which had been injected 
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intravenously on one day twice with 17 and 9 mg, on the next day with 14 mg, 
making a total of 40 mg/kg 1.v., was in very bad general condition. The 
mucosal 5-HT content in a loop of its intestine was 0-28 g/g. An adjoining 
loop was suspended in a bath and peristalsis was recorded. It was very active, 
transporting 1-3 ml./min in the beginning of the experiment, and continued 


TasBiE 6. HT release (ng/min) and fluid transport (ml/min) in isolated loops of intestine from reserpine 


treated guinea-pigs. (When fluid transport was zero, 1 ml./min was collected from side arm.) 


Reserpine treatment ... A. 2x5 mg/kg LP. B. 1 x 5O mg/kg ir. 
Time (min) Conditions 5-HT Vol. Conditions 5-HT Vol. 
Normal solution, Normal solution, 
pressure (mm) pressure (mm) 
30 20 1925 246 6 70 860 
60 20 1410 30 20 21-3 2-8 
90 20 45-5 1-8 20 13-3 1-8 
120 20 8-0 1] 20 25 07 
150 20 86 07 20 10 05 
180 20 ' 75 20 18 07 
210 20 40 03 20 2-1 0-8 
240 20 28 02 6 2-1 0 
270 } 5-HTP + { 145-5 1-2 6 29 O 
300 80-0 13 20 14-4 1-2 
330 20 87 08 
Reserpine treatment ... C. 2 x 50 mg/kg Lr. D. 2x17 mg/kg 1.v. 
Time (min) Conditions 5-HT Vol. Time (min) Conditions 5-HT Vol 
Normal solution, Normal solution, 
pressure (mm) pressure (mm) 
30 6 23 Oo 10 20 99 +14 
60 20 64 32 30 19 814 
90 20 3-4 2-3 60 } Isoniazid 
120 20 2-3 10 90 500 pg/ml. 0-65 13 
150 20 09 02 99 Isoniazid + 25-6 14 
180 20 2-1 0-2 107 5-HTP 138 £13 
210 5320 07 120 15 pg/ml. 9-9 ll 
270 875 06 210 Normal O22 26 
300 266 07 270 solution, WwW 
330 — 312 pressure 30 mm 


for 14 hr, during which fluid transport fell to 0-5 ml./min. Soon after that 
peristalsis stopped. The 5-HT content of the mucosa was 0-08 ug/g. In this 
loop the co-ordination of the emptying phase was impaired. In Expt. D the 
longitudinal muscle contractions failed during the last hour. 

The experiments on isolated loops confirmed those in vivo, that peristalsis 
could proceed in a normal manner when 5-HT in the mucosa had fallen to 
extremely small amounts. 


DISCUSSION 


When the peristaltic reflex was studied in vitro, in isolated loops of intestine, 
Bilbring & Lin (1958) found that the stimulating effect of intraluminal 
application of 5-HT, in a wide range of concentrations, was readily obtainable 
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and could be repeated many times. It was therefore, at first, surprising to find 
that on vivo the peristaltic activity of a loop of intestine, having its normal 
blood supply, was scarcely affected by intraluminal application of 5-HT. This 
agrees, however, with observations in man by Hendrix, Atkinson, Clifton & 
Ingelfinger (1957), who found that introduction of 5-HT into the lumen of the 
jejunum had no effect. In our experiments on guinea-pigs concentrations of 
5-HT from 10-* to 10-* in the fluid passing through the lumen of the intestine 
were usually without effect or they diminished propulsive activity. Intra- 
luminal injection of a large dose of 5-HT produced a transient stimulation but 
even this was, as a rule, followed by a period of inhibition. The doses required 
intraluminally were 50 to 100 times larger than intravenous, and 1000 times 
larger than intra-arterial doses of 5-HT which caused, in the absence of spon- 
taneous activity, a burst of peristalsis. The responses to intravenous injections 
of 5-HT were probably due to a complex mechanism, since they were accom- 
panied by changes in general blood pressure. The intestinal contractions were 
often increased in number, but at the same time fluid propulsion was scarcely 
altered. Thus an increase in ‘intestinal motility’ after intravenous injection of 
5-HT did not necessarily mean an increase in peristalsis. 

Freyburger, Graham, Rapport, Seay, Govier, Swoap & Vander Brook (1952) 
described a spasmogenic action of 5-HT on intestine. Hendrix et al. (1957) 
found in man that after intravenous injection of 5-HT the contractile phase 
was followed by a decrease in tone below normal and activity ceased for 
periods up to 15 min. In 30% of their observations 5-HT produced inhibition. 
Desensitization was also observed by Haverback, Hogben, Moran & Terry 
(1957) in dogs, in which intravenous infusion of 5-HT increased intestinal 
motility for only 5 min; sensitivity was restored 10 min after cessation of the 
infusion. In our experiments on guinea-pigs tachyphylaxis occurred readily 
with all three routes of administration; it was most pronounced when 5-HT 
was added to the fluid passing through the lumen. 

A prolonged stimulation of peristalsis without subsequent inhibition could 
be obtained in vivo with 5-HT, if it was given in very small amounts (0-2-1-0 
ug/min) by slow intra-arterial infusion, when the intraluminal pressure was 
below threshold. At higher pressures, at which the intestine was spon- 
taneously active, 5-HT caused inhibition. 

The lack of stimulant action of large doses of 5-HT in the lumen in vivo 
may be partly due to its destruction by amine oxidase. On the other hand, 
the very transient stimulation and the readiness with which, by all routes, 
5-HT causes desensitization, may be explained if one considers the role of 5-HT 
in normal peristalsis as it emerges from previous observations and from the 
present work: 5-HT is locally formed and stored in the enterochromaffin cells 
which are situated at the base of the mucosal epithelium. When the pressure 
in the lumen rises, 5-HT is released inside the gut wall, at the base of the 
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epithelium where the sensory nerve endings are also found. Any 5-HT 
appearing in the fluid passing through the lumen may be regarded as leakage, 
possibly by diffusion. A characteristic property of sensory receptors is that 
they adapt and become desensitized if the stimulus persists. Mucosal sensory 
receptors are stimulated by 5-HT, and the normal mechanisms for removing 
it from its site of action may be such that the local 5-HT concentration is 
never allowed to remain at a level at which the sensory endings would be 
desensitized. But added 5-HT, by all routes of administration, desensitizes. 
At the same time, by all routes, 5-HT is bound to reach ganglionic sites which 
it blocks (Biilbring & Crema, 1958; Marrazzi, 1953), There is only one way by 
which the added 5-HT can be confined to the site at which it normally acts, 
causing an increase of the local concentration, and this is to give the precursor, 
5-HTP. The strongest support for the physiological role of 5-HT is, in fact, 
provided by the results obtained with the precursor. When 5-HTP is adminis- 
tered, 5-HT is synthesized, stored and released at the site where it normally 
occurs, and if given in moderate amounts 5-HTP always stimulates peristalsis 
because the mechanisms for its removal can keep pace. When 5-HTP is given 
in excessive amounts, abnormally large amounts of 5-HT are synthesized. 
As storage space appears to be limited and the mechanism for its removal 
cannot keep pace large quantities overflow into the lumen. Peristalsis is 
inhibited because sensory receptors are desensitized and/or 5-HT reaches 
other structures where it inhibits the reflex. 

Indeed, we found that intra-arterial infusion of 5-HTP produced a seinen 
and more reproducible effect than 5-HT itself. In amounts of 0-6-2-4 g/min 
its main action was to lower the threshold of pressure necessary to elicit the 
reflex; strong peristaltic waves appeared at pressures at which the untreated 
intestine was quiescent. At higher pressures fluid transport was much im- 
proved. Bogdanski, Weissbach & Udenfriend (1958) produced similar effects 
in dogs. Intravenous injection of 5-HTP increased duodenal motility and this 
action, though delayed, lasted more than 2 hr. 

The study of the action of 5-HTP on peristaltic activity in relation.to the 
local production of 5-HT showed the importance of the local concentration 
in causing either a stimulation or inhibition. The amounts of 5-HT which were 
released into the intestinal lumen in vivo were comparable to those found in 
vitro (Biilbring & Lin, 1958). Intraluminal or intra-arterial infusion of the 
precursor 5-HTP in moderate amounts, below 20 ~g/min, increased .5-HT 
release up to 30 times, fluid transport up to 5 times and mucosal content up 
to 2-5 times, all changes being within the normal order of magnitude. This 
indicated that mechanisms for the removal of 5-HT, storage and destruction 
were adequate. On the other hand, the infusion of larger amounts of the 
precursor (20-100 g/min) led to the appearance of excessive amounts of 
5-HT in the effluent, up to 2000 times greater than normal. At the same time 
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the fluid propulsion was impaired, and no further increase of the mucosal 
content was observed. This indicated that the mechanisms for removal of 
5-HT were now inadequate and the high local concentration caused 
paralysis. 

The mucosal 5-HT content of intestine into which 5-HTP had been infused 
for 1 hr was in every experiment greater than that of the control piece; the 
maximum was 2-5 times, the average being 1-6 times. Udenfriend, Bogdanski 
& Weissbach (1956) and Udenfriend, Weissbach & Bogdanski (1957) showed 
that in dogs administration of 5-HTP led to an increase in 5-HT content in 
normal depots, but of all tissues investigated this increase was smallest in the 
intestine. Eber & Lembeck (1958) found a threefold increase in intestinal 5-HT 
content in rats fed with diet rich in tryptophan. In the present experiments, 
after infusing total amounts as high as several mg 5-HTP, which increased 
5-HT release into the lumen 100 or 1000 times, the mucosal content was not 
even doubled. This suggested that the biosynthesis of 5-HT could assume 
excessive proportions, surpassing the mechanisms for its removal. Hence, 
large amounts leaked into the lumen. The 5-HT stores in the normal animal 
appeared to have a limited capacity and very little increase could therefore 
take place. 

The observations explain why im vitro, when the local preduction of 5-HT 
gradually declines in the course of an experiment, introduction of 5-HT into 
the lumen readily stimulates peristaltic activity, whereas in vivo, when the local 
production of 5-HT continues undiminished, the introduction of 5-HT into 
the lumen or into the blood stream readily inhibits peristalsis. The experiments 
with the precursor show (1) that the capacity for local production of 5-HT is 
virtually unlimited, (2) that the capacity for storage of 5-HT is definitely 
limited, and (3) that there is a limiting local concentration of 5-HT below 
which peristalsis is stimulated and above which it is inhibited. 

The results obtained in reserpine-treated animals support these conclusions. 
5-HT can no longer be bound in the cells and local stores are depleted (Pletscher, 
Shore & Brodie, 1955; Erspamer, 19564, b, c; Hughes, Shore & Brodie, 1958). 
At the same time 5-HT synthesis proceeds unimpaired and thus the locally 
formed 5-HT is free to stimulate sensory nerve endings nearby. Peristalsis is 
vigorous and occurs at low intraluminal pressures. The fact that the amounts © 
of 5-HT which appear in the lumen may be large but not excessive indicates 
that mechanisms for its removal can keep pace. But if now the precursor 
5-HTP is administered, too much 5-HT is synthesized and excessive local 
production of 5-HT in reserpine-treated animals has the same desensitizing 
effect as in normal ones. We found that the amounts of 5-HT released into 
the intestinal lumen were greatly increased during the infusion of the pre- 
cursor. Thus in the animals treated with reserpine the decarboxylation of 


5-HTP could still take place (cf. Erspamer & Ciceri, 1957). However, there 
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was no increase in 5-HT content of the mucosa, hence 5-HT could not be 
stored. 

Though the experiments in the present work support the view that 5-HT 
has an important role in normal peristalsis, they do not provide the answer to 
the question whether 5-HT is of primary or only secondary importance. We 
did not succeed in obtaining a complete 5-HT depletion of the intestinal mucosa. 
It is known that the intestinal 5-HT content is more resistant to reserpine 
treatment than the 5-HT content of other tissues (Erspamer, 1956a, b; 
Haverback, Shore, Tomich & Brodie, 1956). It is also known that the action 
of reserpine is slow. We found that intravenous injection of reserpine on one 
or two days preceding the experiment in doses up to 40 mg/kg reduced, in 
some animals, the 5-HT content to 1-2°%, of that in the normal mucosa. In 
spite of this severe depletion, peristalsis was not abolished, but was abnormally 
active when, at the beginning of the experiment, the intraluminal pressure 
was raised. The amounts of 5-HT found in the effluent were often high, and 
subsequently declined to extremely low values. But even then peristalsis 
continued. This finding was in agreement with that of Biilbring & Lin (1958) 
who found that also in normal isolated loops of intestine in which 5-HT release 
fell to 10% of the initial value after several hours, fluid transport did not fall 
below 60%. 

We attempted to abolish the action of traces of 5-HT, which remained after 
reserpine treatment, by administration of a 5-HT antagonist. Biilbring & Lin 
(1958) found that, in normal isolated loops of intestine, BOL in concentrations 
which abolished the effects of added 5-HT reduced peristalsis but did not 
abolish it. In the present work, when BOL was administered into the intestinal 
lumen of animals in which the mucosal 5-HT content had been reduced by 
reserpine to extremely low values, peristalsis was also reduced, but it was not 
abolished. 3 

We attempted to prevent biosynthesis of 5-HT by treatment with isoniazid, 
which was reported by Davison (1956) to inhibit decarboxylase. Instead we 
observed a pronounced increase in mucosal 5-HT content which could either 
be attributed to an inhibition of amine oxidase (Pletscher, 1958) or to an 
antagonistic action to reserpine. Pletscher (1956) observed that iproniazid 
prevented the effects of reserpine. | 

There is one point which must be kept in mind when explaining peristaltic 
overactivity in reserpine-treated animals. This is that reserpine not only 
depletes 5-HT stores, but also sympathin stores. This might well produce a 
great increase in activity, such as Bayliss & Starling (1901) observed on 
cutting the splanchnic nerves. Further experiments are required to elucidate 
the mechanism. 
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SUMMARY 

1. Peristaltic activity was recorded from loops of intestine in situ, with 
their normal blood supply, in anaesthetized guinea-pigs. 

2. In the absence of spontaneous activity at low intraluminal pressure, 
intra-arterial, intravenous and intraluminal injection of 5-HT caused the 
appearance of short bursts of peristalsis. Doses were 0-1-0-2 ug intra-arterial, 
4-10 yg intravenous, 100-300 yg intraluminal. 

3. On the other hand, addition of 5-HT to the fluid passing through the 
lumen to maintain a constant concentration had no stimulating effect in 
quiescent nor in active loops of intestine. Spontaneous peristalsis was in- 
hibited during prolonged presence of 5-HT in the lumen. Single large doses 
which were quickly removed exerted a transitory stimulant action. 

4. Slow intra-arterial infusion of 5-HT (0-2-1-0 yg/min) and 5-HTP 
(0-1-2-4 g/min) caused vigorous peristalsis at pressures 10 mm below the 
normal threshold. 

5. Intra-arterial or intraluminal infusion of 5-HTP in doses up to 10 »g/min 
caused an increase of 5-HT release and of propulsive activity; doses of 20- 
100 »g/min, however, caused an excessive rise in 5-HT release, up to 2000 
times the normal amount released into the lumen, while at the same time 
fluid transport was diminished. 

6. The mucosal 5-HT content was always greater in the mucosa of the 
piece of intestine treated with 5-HTP than in the control piece. The mean 
increase was 1-6 times. 

7. Spaced intraperitoneal and intravenous injections of reserpine given 
over periods of 24—48 hr, up to a total of 40 mg/kg, caused an average depletion 
to 10% of the normal mucosal 5-HT content, the lowest being 1%. 

8. Peristalsis in reserpine-treated animals was abnormally active and 
occurred at low threshold. It declined gradually but did not stop in spite of 
extremely low mucosal 5-HT content and very small amounts being released. 
Peristalsis did not stop when in these animals BOL was introduced into the 
lumen. 

9. Biosynthesis of 5-HT was not abolished in reserpine-treated animals; 
infusion of 5-HTP led to a large increase of 5-HT appearing in the effluent but 
no increase in mucosal 5-HT content. Isoniazid did not prevent the de- 
carboxylation of 5-HTP. 

10. The results are consistent with the view that 5-HT, also i vivo, 
facilitates the peristaltic reflex. However, the local concentration of 5-HT at 
the site of its action at mucosal sensory receptors is the limiting factor which 
determines whether the introduction of 5-HT, or of its precursor 5-HTP, 
stimulates or inhibits peristalsis. Whether 5-HT is of primary importance 
for the initiation of the peristaltic reflex could not be decided sy the 
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amount of 5-HT was never reduced to zero even after the largest doses of 
reserpine. 

This work has been done during the tenure by one of us (A.C.) of a Riker Fellowship for which 
he wishes to express his thanks to the Riker Laboratories, Ltd. 
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THE RECIRCULATION OF LYMPHOCYTES FROM BLOOD 
TO LYMPH IN THE RAT 


By J. L. GOWANS 
From the Sir William Dunn School of Pathology, University of Oxford 


(Received 12 August 1958) 


In all the mammalian species which have so far been examined, large numbers 
of lymphocytes enter the blood each day from the main lymphatic vessels in 
the neck (reviewed by Yoffey & Courtice, 1956). In the rat, for example, 
enough lymphocytes enter the blood from the thoracic duct to replace all 
those in the blood about 11 times daily (Gowans, 1957a). This is a minimum 
estimate of the actual daily replacement since it ignores the contribution from 
the lymphatics which drain the head, neck, forelimbs and thorax; taking these 
into account Whaler & Widdicombe (1956) estimated that the average time 
spent by lymphocytes in the blood of the rat was probably less than one hour. 
Many theories have been advanced to explain this rapid turnover of lympho- 
cytes in the blood but none of them has good experimental support (Yoffey & 
Courtice, 1956; Florey & Gowans, 1958; Trowell, 1958). 

In a previous paper (Gowans, 1957 a) it was shown that in order to maintain 
the output of lymphocytes from a thoracic duct fistula in an unanaesthetized 
rat it was necessary to re-infuse continuously into the blood all the lympho- 
cytes which issued from the fistula. When either cell-free lymph or lymph which 
contained killed lymphocytes was re-infused a profound fall in the output of 
cells from the thoracic duct eventually occurred, similar to that described by 
Mann & Higgins (1950) in rats which received no intravenous replacement of 
either cells or fluid. The aim of the present investigation was to discover the 
mechanism by which the intravenous infusion of living lymphocytes influenced 
the output of lymphocytes from the thoracic duct. Essentially, this aim was 
achieved by determining the fate of thoracic duct lymphocytes after their 
transfusion into the blood. Preliminary accounts of these experiments have 
already been given (Gowans, 19576, 1958). 


METHODS 
The methods used previously (Gowans, 19574) were extended so that thoracic duct lympho- 
cytes from a number of donor rats could be transfused continuously and for long periods into the 
blood of a recipient rat. An essential requirement for these experiments was that the transfused 
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lymphocytes should survive normally in the recipient animal. Since a transfusion of lymphocytes 
is, in effect, a homograft, this requirement would be met if the donor and recipient rats were 
genetically identical. Animals of highly inbred strains of albino and of hooded rat were used in 
the present experiments but the genetic uniformity of the members of each strain was not checked 
by skin homografting. However, the results of the experiments made it clear that the fate of the 
transfused lymphocytes had not been qualitatively affected by the intervention of a homograft 
reaction. Unless otherwise stated the donor and recipient rats were male albino litter mates 
weighing 200-250 g. 

The thoracic duct was cannulated by the method of Bollman, Cain & Grindlay (1948) with the 
minor modification that the cannula was brought out through the skin of the back of the animal. 
The troublesome whip of the polythene tubing was overcome by bending the cannula into the 
correct shape by mild heat before its insertion into the duct. After operation the rats were placed 
in a restraining cage (Bollman, 1948) where they remained, unanaesthetized, for periods up to 
11 days. Rats with thoracic duct fistulae ate and drank normally while in the restraining cages 
and were lively and well when released. They all, however, suffered some loss of body weight. 
Loss of body weight, in itself, is not associated with any change in the output of lymphocytes 
from the thoracic duct of rats (Mann & Higgins, 1950). 

Transfusion of thoracic duct lymphocytes. The essential feature of the method was that it enabled 
lymphocytes and lymph to be pumped into the blood of a rat at a physiological rate for many 
days. The transfused lymphocytes were alive when they entered the blood of the recipient rat, 
since microscopic observation of samples taken from the outlet of the pump showed that the cells 
were motile. Continuous measurements were made of the output of lymphocytes from the thoracic 
duct of the recipient rat. The apparatus was, in the main, the same as that described previously 
(Gowans, 1957 a). Thoracic duct lymphocytes from the donor rats were pumped from a siliconed 
glass reservoir into the femoral vein of the recipient rat. Lymph from the thoracic duct of the 
recipient rat was collected on a fraction collector which was housed in a refrigerator at 4° C. An 
improved reservoir was designed for the present experiments (Text-fig. 1). This reservoir with its 
inlet and outlet tubes could be quickly dismantled, washed out and reassembled. 

Krebs-Ringer solution containing heparin at a concentration of 2 u./ml. was infused into the 
femoral vein of each donor rat at about 2 ml./hr; this ensured a free flow of lymph and minimized 
the formation of clots in the cannula during the first hours after cannulation. When prolonged 
transfusions were performed, it was necessary to employ a series of donor rats, since the output of 
lymphocytes from the thoracic duct of any one animal falls progressively after cannulation 
(Mann & Higgins, 1950). The lymph from the thoracic duct cannula of each successive donor rat 
dripped directly into the reservoir, as shown in Text-fig. 1. A solution of heparin was pumped 
slowly into the reservoir to prevent the lymph from clotting. In other experiments it was neces- 
sary to know the number of lymphocytes which were being transfused. For this purpose, a cell 
count was made on each successive 2-3 hr collection of lymph from the donor rat; each sample, 
containing a known number of lymphocytes, was then added to the reservoir. 

If lymph from either the donor or recipient rats was required for transfusion or re-infusion, it 
was collected into chilled Krebs—Ringer solution containing heparin at a concentration of 20 u./ml. 
When the lymph was needed for cell counts only, it was collected into a solution of 3% sodium 
citrate and 10% formaldehyde. The collections were made into 15 ml. centrifuge tubes each of 
which contained a measured volume of one of these anticoagulant solutions. The volume of anti- 
coagulant solution added to each tube was calculated on the basis of 0-5 ml. for each hour’s 
collection of lymph. The Krebs-Ringer solutions contained 200 yg each of penicillin aud strepto- 
mycin per millilitre. 

The lymph and lymphocytes in the reservoir were pumped continuously into the femoral vein 
of the recipient rat at a rate of 2-4 ml./hr by means of a roller pump. The contents of the reservoir 
were mixed by a slow stream of oxygen bubbles. If the pumping rate exceeded the rate of inflow 
of lymph into the reservoir, the circuit across the electrodes (6 in Text-fig. 1) was eventually 
broken. A relay then switched off the pump and switched on an electrically driven syringe which 
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delivered fluid into the reservoir until the electrodes were again covered. In this way it was 
ensured that air was not pumped into the rat. 

The blockage of some part of the pumping circuit by small clots was a constant problem in these 
experiments. A dripper with a filter (Text-fig. 1) was incorporated into the circuit to trap these 
clots and to allow a visual check that the pump was working efficiently. As an added precaution 
the whole circuit was washed through with saline each morning and evening. Rats have been 
successfully transfused for periods up to 7 days with thoracic duct lymph and lymphocytes from 
a series of donor animals. 

Labelling of lymphocytes with *P. **P-orthophosphate (PBS 2 from Radiochemical Centre, 
Amersham) was injected subcutaneously into the donor rats. A total of 1 yc/g body wt. was given 
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Text-fig. 1. Diagram of apparatus for the intravenous transfusion of thoracic duct lymph and 
lymphocytes into a rat. The dripper and reservoir only are drawn to scale. 1, polythene 
cannula (bore, 0-5 mm) from thoracic duct of donor rat; 2, polythene tube (bore, 1-0 mm) 
which delivers Krebs-Ringer solution containing heparin 2 u./ml. into the reservoir when the 
circuit across the electrodes (6) is broken by the falling fluid level; 3, leads from electrodes to 
relay circuit; 4 and 5, nylon tubing (bore, 0-25 mm); 4, slow oxygen stream; 5, Krebs- 
Ringer solution containing 20 u./ml. entering at 0-3 ml./hr; 6, platinum electrodes sheathed 
in polythene tubing; 7, disk of stainless steel mesh in upper compartment of siliconed glass 
dripper; 8, polyvinyl tubing (bore, 0-5 mm) passing through block of roller pump; 9, polyviny! 
cannula (bore, 0-25 mm) entering femoral vein of recipient rat; 10, cannula from thoracic 
duct of recipient rat; 11, ground glass joints. 
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in two equal doses; the second dose was given 12 hr after the first and the thoracic duct was 
cannulated 12 hr later. Successive 2-3 hr samples of lymph were collected into 1 ml. lots of 
chilled Krebs-Ringer solution containing 20 units of heparin. The cells were separated from the 
lymph by centrifuging, washed once in cold Krebs—Ringer solution and then resuspended in fresh 
Krebs-Ringer containing heparin at a concentration of 2 u./ml. The samples of washed cells were 
added successively to the reservoir after small volumes had been taken for cell counts and for 
measurements of radioactivity. 

Measurement of radioactivity. The lymphocytes were separated by centrifuging and either plated 
out on planchets and counted with a thin mica end-window G—M tube, or suspended in 10 ml. of 
the sodium citrate-formaldehyde solution and counted in a G—M liquid counter. Lipid was 
extracted from lymphocytes by the extraction procedure described by Davidson, Frazer & 
Hutchison (1951); the acid-soluble fraction was discarded and the final lipid extract dissolved in 
10 ml. of chloroform and counted in a G—M liquid counter. The samples were counted to give an 
error of less than 3%. The usual corrections were made for radioactive decay. 

Labelling of lymphocytes with tritium-labelled thymidine. Tritium-labelled thymidine is an ideal 
compound for studying the synthesis of deoxyribonucleic acid (DNA) in single mammalian cells 
since thymidine is incorporated exclusively into the DNA and, in autoradiographs, the tritium 
label is localized strictly over the nucleus of each cell (Pl. 1, figs. 2-5). A solution of tritium- 
labelled thymidine (Schwarz Laboratories Inc. ; specific activity, 200-360 mc/m-mole) was infused 
intravenously into a rat for 12 hr at a constant rate of 20 wc/hr. The lymphocytes were separated 
from the thoracic duct lymph by centrifuging, washed once in Krebs-Ringer solution and re- 
suspended in a small volume of rabbit serum to make a thick suspension. Autoradiographs were 
prepared from smears of this suspension by the stripping-film technique (Pelc, 1956). The prepara- 
tions were exposed for 7 days, developed, and then stained through the emulsion with Wright’s 
stain. The proportion of lymphocytes which contained labelled DNA was then determined. During 
the infusion of the tritiated thymidine the number of grairis per cell in the autoradiographs 
increased to a maximum of about 80 per large lymphocyte; the number decreased slowly after the 
infusion was discontinued. 


RESULTS 
Lymphocyte transfusion on the fifth day after thoracic duct cannulation 
The earlier experiments (Gowans, 1957 a) suggested that the output of lympho- 


cytes from the thoracic duct was in some way determined by the number of 
lymphocytes which entered the blood. If this were so, a suitable transfusion 


_of lymphocytes would be expected to restore to a high level the low output of 


cells which results from the prolonged drainage of lymph from the thoracic 
duct. The experiments illustrated in Text-fig. 2 confirmed this expectation. 
A continuous intravenous transfusion of lymphocytes from a series of donor 
rats was started at the end of the 4th day after cannulation of the recipient 
rat. All the lymph from the thoracic duct of the recipient rat was collected for 
cell counts and then rejected. When the transfusion was between litter mates 
of the same inbred strain, the output of cells from the recipient rat rose pro- 
gressively and levelled off at a point below the initial output, but within the 
range of normal values for the output in rats of this age and strain. In con- 
trast, a transfusion from hooded into albino rats resulted in a slower rise in 
output which terminated abruptly on the 4th day. Despite the continued 
transfusion of lymphocytes, the output fell progressively to a level below that 
at the start of the transfusion (Text-fig. 2). Thus, the fall in the lymphocyte 
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output described by Mann & Higgins (1950) can be reversed by transfusing 
lymphocytes from one rat into another, providing the genetic disparity between 
the donor and the recipient animals is not too great. 
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Text-fig. 2. Output of lymphocytes from the thoracic duct of three albino rate; mean values per 
hour for each successive 24 hr collection of lymph. The rats received intravenous transfusions 
of lymphocytes from either successive albino donors: ™@———-@; or from successive hooded 
donors: O——-O. One rat received no transfusion: A——A. 1, 2, etc. = periods of trans- 
fusion from successive donor rats. moe 


Text-fig. 3. Output of lymphocytes from the thoracic duct of a rat which received an intravenous 
transfusion of lymphocytes from two successive donor rats. In addition, all the lymphocytes 
from the recipient’s own thoracic duct were continuously re-infused. (17), (14),(15) = number 
of hours during which samples of lymph were collected for vell counts on each day. 1,2 = 
periods of transfusion from successive donor rats. 


Lymphocyte transfusion on the second day after thoracic duct cannulation 


Since the first day’s high output of lymphocytes can be maintained or 
restored by the intravenous infusion of lymphocytes, it might be supposed 
that there is a more or less constant physiological level to which the output 
always adjusts itself, given a sufficient input. Text-fig. 3 shows that this is not 
so. A vigorous transfusion of lymphocytes, together with the continuous re- 
infusion of all the lymphocytes from the recipient’s own thoracic duct, 
increased the output to a value more than double that of the first day. 

Relation between input and output of lymphocytes. The relation between the 
number of lymphocytes transfused and the number emerging from the thoracic 
duct was studied in rats whose lymphocyte output had fallen to a low level 
following the drainage of thoracic duct lymph for 5 days. The output of 
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lymphocytes from such rats provided an adequate base line for quantitative 
studies. Text-fig. 4 illustrates an experiment in which a known number of 
lymphocytes was transfused and the output of lymphocytes from the thoracic 
duct was measured in successive 4 hr samples of lymph. A continuous rise 
in the output of lymphocytes began during the first 4 hr after the start of the 
transfusion and a fall occurred during the 4 hr following the end of the trans- 
fusion. In a series of such experiments a delay of up to 12 hr sometimes 
occurred before a rise in the output was detected (e.g. Text-fig. 5) and the 
output sometimes continued to rise for 8 hr after the end of the transfusion 
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Text-fig.4. Output of lymphocytes from the thoracic duct of a rat which received an intravenous 
transfusion of lymphocytes during the 5th and 6th days after cannulation. Mean values per 
hour for successive 24 hr (@——@) and 4 hr (g@——®) collections of lymph. 


Tase 1. Effect of the intravenous transfusion of lymphocytes, on the output of 


lymphocytes from the thoracic duct 
*From start of transfusion 
Fs: Total output of cells in 
excess of base-line 
Estimated uction 
Number of base-line A 
cells Duration of Duration of output of As % of 

Rat transfused transfusion experiment cells number of cells 
no. ( x 10*) (hr) (hr) ( x 10*%/hr) x 108 transfused 
143 1180 32 124 6 895 76 
151 720 24 104 5 578 80 
157 496 15 112 6 428 86 


* Lymph was drained from the thoracic duct of each recipient rat for 4—5 days before the start 
of the transfusion. 
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(e.g. Text-fig. 8). The total output of lymphocytes in excess of the estimated 
base-line output amounted to about 80% of the number of cells transfused 
(Table 1). 


Mechanism by which the input of lymphocytes into the blood 
increases their output from the thoracic duct 

The experiments described so far show that the output of lymphocytes 
from the thoracic duct varies directly with the number of lymphocytes trans- 
fused into the blood. The transfused cells could cause an increase in the output 
from the thoracic duct by three possible mechanisms: (1) Chemical substances 
derived from the transfused lymphocytes might be essential for the formation 
of new lymphocytes in the lymph nodes of the recipient animal. (2) The 
transfused cells might repopulate the lymph nodes of the recipient animal and, 
by successive cell divisions, give rise to a progeny of new lymphocytes. Or 
(3), the transfused lymphocytes might recirculate from the blood back into 
the thoracic duct lymph, i.e. the transfused cells and the extra cells emerging 
from the thoracic duct are identical. Mechanisms (1) and (2) would both 
operate by initiating a burst of new lymphocyte production in the recipient 
animal. 

Formation of new lymphocytes. The possibility that the intravenous trans- 
fusion of lymphocytes had initiated the production of new lymphocytes in 
the recipient animal was tested by infusing tritium-labelled thymidine into 
one femoral vein of a rat while lymphocytes were transfused simultaneously 
into the other. Autoradiographs were prepared from successive 4 hr samples 
of lymphocytes collected from the thoracic duct of the recipient. If the extra 
lymphocytes which emerged from the thoracic duct had been formed after the 
start of the transfusion, their DNA would have become labelled. The results 
of the experiment are shown in Text-fig. 5 and Table 2. During the rising 
phase of the output (collections 4-8) more than 90 % of the cells in the lymph 
were small lymphocytes; 2° or less of these contained labelled DNA. This 
very low proportion of labelled small lymphocytes was not due to an inade- 
quate level of tritium-labelled thymidine in the animal, since, during the same 
period, more than 90%, of the larger lymphocytes, which are known to divide 
in the thoracic duct lymph, became labelled. It was concluded that almost all 
the small lymphocytes from the thoracic duct of the recipient rat were ‘old’ 
cells, in the sense that their DNA had been formed before the start of the 
transfusion. This experiment rules out mechanisms (1) and (2) unless it is 
held that ‘new’ lymphocytes can be produced by some process that does not 
involve the synthesis of new DNA at any stage. 

Recirculation of lymphocytes. The exclusion of mechanisms (1) and (2) 
strongly suggested that the lymphocytes which were transfused into the blood 
found their way back into the thoracic duct lymph. This hypothesis was 
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tested directly by transfusing **P-labelled lymphocytes into a rat and following 
the appearance of radioactivity in the cells emerging from the thoracic duct. 

The transfusions were begun at the end of either the first or the 5th day 
after cannulation of the recipient rat (Text-fig. 6, 8). In each case a continuous 
rise in the radioactivity in the cells issuing from the thoracic duct started 
during the first 4 hr. The radioactivity curves had a time course which was 
‘similar to that of the cell output curves illustrated in Text-figs. 4 and 5. 
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Text-fig. 5. Output of lymphocytes from the thoracic duct of a rat which received an intravenous 
transfusion of lymphocytes during the 6th day after cannulation. Tritium-labelled thymidine 
was infused intravenously at 20 uc/hr during the first 12 hr of the transfusion. Mean output 
of cells per hour for successive 24 hr (@——@) and 4 hr (g@——™) collections of lymph. 
1-10: successive 4 hr collections of lymphocytes from which autoradiographs were prepared, 
see Table 2. 


TaBix 2. Proportion of small lymphocytes and of tritium-labelled lymphocytes in 
autoradiographs prepared from the collections of lymphocytes in Fig. 5 


Labelled lymphoeytes* 
Small Medium 
Collection lymphocytes Small and large 
no. (%) (%) 
1 88-8 0 
2 88-8 0-1 66 
3 92-4 0-4 88 
4 93-0 2-0 93 
94-3. 0-9 97 
6 96-7 1-2 97 
7 94-9 1-6 93 
8 97-0 0-4 91 
9 95-6 1-1 91 
10 94-3 10 77 


* Percentage derived from counts on 1000 small lymphocytes and 100 large and medium 
lymphocytes in each collection. 
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Table 3 shows the relation between the radioactivity in the lymphocytes 
entering the blood and that in the cells from the thoracic duct. About 20% 
of the total radioactivity and about 40% of the radioactively labelled lipid 
in the transfused cells were recovered in the lymphocytes from the thoracic 


duct. 


Output of cells (x 10°/hr): 
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Text-fig. 6. Outputand radioactivity of lymphocytes from the thoracic duct of a rat which received 
an intravenous transfusion of **P-labelled lymphocytes. Total counts/min in transfused cells, 
47,500. Mean output of cells per hour (g@———§) and total radioactivity in cells (O——O) 
for each successive 4 hr collection of lymph. In this experiment the number of cells trans- 
fused was insufficient to cause a very noticeable change in the output of lymphocytes from 
the thoracic duct, for the recipient’s own output was falling rapidly. When the transfusion 
was begun later (Fig. 8) the radioactivity curves and the cell—output curves followed each 
other closely in the same animal. 


Text-fig. 7. Output and radioactivity of lymphocytes from the thoracic duct of a rat which received 
an intravenous infusion of **P as inorganic phosphate. Total counts/min in infused phosphate, 
48,800. @———-4 = mean output of cells per hour for each successive 24 hr collection of 
lymph. O——O = total radioactivity in lymphocytes from each successive 4 hr collection 
of lymph. 


TaBLE 3. Recovery of radioactivity in lymphocytes from thoracic duct after the 
intravenous transfusion of **P-labelled lymphocytes 


Period of Radioactivity recovered in 
lymph . cells from thoracic duct 
i Duration of c A— — 
before experiment As % of 
start of Number Duration from start Counts/min in counts/min 
trans- ofcells oftrans- oftrans- transfused cells Counts/min transfused 
(days) (x 10%) (br) (hr) Total Lipid Total Lipid Total Lipid 
1 708 14 108 82,800 — 16680 — 201 —* 
1 444 12 92 47,400 — 10,000 — 210 —* 
5 496 15 120 14,700 1,730 3,310 656 22-5 38-07 
5 604 16 84 18,800 1,210 3,270 456 17-4 37-7t 


. * Radioactive assays, on planchets; f{ in liquid counter. 
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It could be argued that the radioactivity in the thoracic duct lymphocytes 
was due to leakage of *P from the transfused cells and its uptake by the 
recipient rat’s own lymphocytes. However, when the amount of radioactivity 
which had been transfused into a rat as **P-labelled lymphocytes (Text-fig. 6), 
was infused into another rat as inorganic phosphate (Text-fig. 7), the cells 
from the thoracic duct contained a negligible amount of radioactivity. 
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Text-fig. 8. Output and radioactivity of lymphocytes from the thoracic duct of a rat which received 
an intravenous transfusion of **P-labelled lymphocytes during the 6th day after cannulation. 
Mean output of cells per hour (j@——™) and total radioactivity in cells (OO) for each 
successive 4 hr collection of lymph. 


The proportion of newly formed lymphocytes normally 
present in thoracic duct lymph 

The idea that lymphocytes continuously recirculate from the blood to the 
lymph would provide a satisfactory explanation of the apparently high turn- 
over of lymphocytes in the blood of the normal animal. This explanation 
would become even more plausible if it could be shown that the number of new 
lymphocytes formed each day was only a small fraction of the total number 
which normally issues from the thoracic duct. 

Mann & Higgins (1950) showed that the output of lymphocytes from the 
intestinal lymph duct in the rat was almost equal to that from the thoracic 
duct. Thoracic duct lymphocytes in the rat, therefcre, are gathered from the 
lymphatic bed drained by the intestinal duct. The lymphoid tissue in this bed 
comprises the mesenteric, caecal and possibly the post-gastric and portal 
lymph nodes together with the Peyer’s patches (nomenclature of lymph nodes 
from Sanders & Florey, 1940). Plate I, fig. 1 shows that the volume of a 24 hr 
collection of lymphocytes from the thoracic duct exceeds the combined bulk 
of the mesenteric, caecal, portal and post-gastric lymph nodes; it would 
probably rival that of all the lymphoid tissue in the bed drained by the 
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intestinal duct. It seemed inconceivable that the observed output of lympho- 
cytes from the thoracic duct could be produced each day by the relatively 
small amount of lymphoid tissues in the intestinal lymphatic bed. Accordingly, 
an estimate was made of the proportion of newly formed lymphocytes in the 
thoracic duct of a freshly cannulated rat. Tritium-labelled thymidine was 
infused intravenously into a rat for the first 12 hr after the cannulation of its 
thoracic duct. Successive 24 hr samples of lymph were collected for a total 
period of 4 days. The rat received no transfusion or re-infusion of lympho- 
cytes. Autoradiographs were prepared of the cells in each sample of lymph 
and of histological sections of the mesenteric and caecal lymph nodes at the 


TaBiz 4. Proportion of tritium-labelled lymphocytes in autoradiographs prepared from successive 
24 hr collections of lymphocytes from thoracic duct. Tritiated thymidine was infused intra- 
venously at 20 y»c/hr during the first 12 br after cannulation 


Labelled lymphocytes* 
Day after Medium and 
thoracic duct 8 
cannulation (%) (%) 
I 0-8 94 
2 1:3 92 
3 1-5 79 
4 0-6 22 


* Percentage derived from counts on 2500 small lymphocytes and 200 large and medium 
lymphocytes in each day’s collection. 


end of the experiment. The results are shown in Table 4. During the first 
2 days, when sufficient tritiated thymidine was present to label over 90% of 
the large and medium lymphocytes, only about 1°% of the small lymphocytes 
contained labelled DNA. 

The very small proportion of labelled small lymphocytes detected in this 
experiment would still be consistent with a high rate of formation of new 
lymphocytes if the newly formed cells remained in the lymph nodes for some 
days before their release into the lymph. However, the autoradiographs of the 
lymph nodes taken from the rat at the end of the experiment again showed 
extremely few labelled small lymphocytes. 


DISCUSSION 


It has been shown under a variety of conditions that the transfusion of 
lymphocytes into the blood of a rat results in an increase in the output of 
lymphocytes from its thoracic duct. The increase was observed whether the 
transfusion was begun 1 day or 5 days after the thoracic duct of the recipient 
rat had been cannulated; in the latter case it was possible to estimate that the 
total increase in the output amounted to about 80% of the number of cells 
transfused. Virtually all the small lymphocytes appearing in the duct con- 
tained DNA which had been synthesized before the start of the transfusion; 
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the increased output, therefore, did not result from any process involving the 
formation of new cells by mitosis. These experiments strongly suggested that 
the transfused cells had recirculated from the blood back into the lymph. 
When *P-labelled lymphocytes were transfused, radioactive lymphocytes 
appeared rapidly in the thoracic duct; about 20% of the total radioactivity 
and 40% of the total **P-labelled lipid in the transfused lymphocytes were — 
recovered in the cells from the thoracic duct. This result is regarded as crucial 


_ evidence that at least some of the transfused cells had recirculated. The figures 


for the recovery of radioactivity in the thoracic duct lymphocytes do not 
conflict with the estimate that 80°, of the transfused cells had recirculated. 
The bulk of the initial radioactivity in the transfused lymphocytes is in the 
non-DNA phosphorus fractions. A considerable loss of *P from these 
fractions would be expected to occur during the 4-5 days of the experiment. 
No particular emphasis is placed on the numerical recovery of 80% of the 
transfused cells; it is only inferred that the great majority of them could be 
accounted for. An improvement in the technique for transfusing lympho- 
cytes might well allow even higher recoveries to be achieved. 

These experimental findings immediately suggest that, in the intact animal, 
the great majority of the small lymphocytes in the thoracic duct are cells 
which have recirculated from the blood back into the lymph, and that this 
circuit is traversed repeatedly by lymphocytes during their life-time. The rapid 
physiological turnover of the blood lymphocytes would thus be more apparent 
than real, since the same cells would be continually disappearing from the 
blood and reappearing in it. 

The existence of a recirculation of lymphocytes in the normal animal is 
strongly supported by the demonstration that the rate of formation of new 
lymphocytes does not keep pace with the rate at which lymphocytes are dis- 
charged from the thoracic duct. The experiments with tritiated thymidine 
showed that a very small proportion of the cells in the thoracic duct were 
newly formed and that no store of new small lymphocytes remained in the | 
lymph nodes. Similarly, the daily production of new lymphocytes, as calcu- 
lated from mitotic counts (Kindred, 1942) and from DNA turnover (Andrea- 
sen & Ottesen, 1945) in the intestinal lymphoid tissue of rats, amounts at the 
most to about 1/10 of the actual output from the thoracic duct as determined 
by the technique of Bollman et al. (1948) (author's calculation). This fraction 
is an upper limit, for the assumption that mitotic counts and DNA turnover 
are measures of new lymphocyte production requires independent proof; 
many cells may be produced and die within the lymph nodes without ever 
leaving them. If then, the output of lymphocytes from the thoracic duct is 
not maintained by the formation of new cells, it can only be maintained by 
the continuous recycling of old cells from the blood back into the lymph. 


Ottesen (1954) and Hamilton (1956), from studies on the very prolonged 
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retention of radioactivity in the DNA of lymphocytes in human blood, have 
suggested that the life span of at least some lymphocytes may be considerably 
more than 100 days. It is not possible to make any reliable estimate of the 
life span of the rat lymphodyte from the present experiments, but the low rate 
at which new small lymphocytes are formed again suggests that it is probably 
very long. The long life of the lymphocyte would not, by itself, necessarily 
indicate that a recirculation occurs; the cells might spend most of their 
existence in the lymph nodes and then be released, as old cells, into the blood. 
But this would require both an enormous store of pre-formed lymphocytes, 
and a rate of new lymphocyte formation equal to the daily output from the 
thoracic duct. Neither of these requirements is met by the experimental data. 
There is a low rate of new lymphocyte formation, and the number of pre-formed 
lymphocytes which could be accommodated in the intestinal lymphoid tissue 
_ would be equal, at the most, to a very few days’ output from the thoracic duct 
(PL. 1, fig. 1). 

If it is accepted that the majority of the small lymphocytes in the thoracic 
duct have recirculated from the blood, then the small proportion of tritium- 
labelled lymphocytes which was found in the lymph from the thoracic duct 
must also imply that no other lymph duct had contributed large numbers of 
newly formed lymphocytes to the blood. Certainly, no large store of pre- 
formed lymphocytes can be contained in the nodes whose bed is drained by 
the cervical and right lymph ducts (Pl. 1, fig. 1). It is reasonable to conclude 
therefore, that the output of lymphocytes from all the main lymph ducts is 
maintained by a recirculation of cells from the blood. 

The route taken by lymphocytes in passing from the blood into the lymph 
is not known. Sjévall (1936) argued from circumstantial evidence that 
lymphocytes were normally formed at a low rate in the lymph nodes and that, 
in order to maintain the output of lymphocytes from the lymph ducts, they 
must recirculate from the blood to the lymph. He proposed that lymphocytes 
entered the tissue spaces and returned to the blood via the peripheral 
lymphatics. A slow recirculation of this kind probably does take place through 
most of the tissues of the body, but it is not large enough to account for more 
than a fraction of the thoracic duct output. Thus Yoffey & Drinker (1939) 
found only a few lymphocytes in the peripheral lymph from the hind limbs of 
dogs and cats, and Baker (1933) noted small numbers in the peripheral 
lymphatics of the cat intestine. Since large numbers of lymphocytes are 
added to lymph as it passes through a lymph node (Baker, 1933), and new 
lymphocytes are formed at a low rate in the nodes, it is possible that the main 
channel of recirculation is through the lymph nodes. 

The demonstration that small lymphocytes recirculate leaves the problem 
of their ultimate fate unsolved. However, if they have a long life, and the 
number normally dying each day or being removed by any other process is 
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relatively small, then it is not unreasonable to suppose that they may meet a 
conventional end in the cells of the reticulo-endothelial system. There is, as 
yet, no convincing evidence that a special mechanism is reserved for the 
disposal of effete small lymphocytes. 

The fate of the large and medium lymphocytes, which normally make up 
less than 5% of the cells in rat thoracic duct lymph, cannot be deduced from 
the present experiments. These cells are known to be capable of cell division 
(Gowans, 1957a) and in the experiments with tritiated thymidine almost all 
of them became heavily labelled. It is likely that the large and medium 
lymphocytes are newly formed in the lymph nodes, since their output on 
successive days after thoracic duct cannulation falls only slightly (Gowans, 
unpublished observations), whereas that of the small lymphocytes falls 
precipitously. When living preparations of lymphocytes are observed in vitro, 
size and ability to divide are the only features which distinguish the large and 
medium lymphocytes from the small; in all other respects their appearance 
and behaviour are identical (Harris, 1953; Gowans, 1957a). However, it has 
never been demonstrated that the larger lymphocytes are the precursors of 
the small, and it is possible that the life histories of the two groups are quite 
distinct. 

SUMMARY 

1. A method was developed for transfusing thoracic duct lymphocytes from 
one or more rats into the blood of an unanaesthetized rat with a thoracic duct 
fistula. Recipient rats were continuously transfused at a physiological rate 
for periods up to 7 days. 

2. The low output of lymphocytes which resulted from the prolonged 
drainage of lymph from a thoracic duct fistula could be restored toa normal level 
by the intravenous transfusion of lymphocytes, providing the genetic disparity 
between the donor and recipient rats was not too great. Similarly, the normal 
high output of lymphocytes from the thoracic duct of a freshly cannulated 
rat could be more than doubled by a vigorous lymphocyte transfusion. 

3. The increase in the output of cells from the thoracic duct which followed 
a transfusion of lymphocytes amounted to at least 80% of the number of 
cells transfused. Experiments with tritium-labelled thymidine showed that 
this increase in output was not due to the formation of new lymphocytes in 
the recipient rat. 

4, The intravenous transfusion of **P-labelled lymphocytes into a rat 
resulted in the rapid appearance of radioactive lymphocytes in its thoracic 
duct lymph. It was concluded that lymphocytes which are transfused into 
the blood can be largely recovered in the thoracic duct lymph. 

5. Further experiments with tritium-labelled thymidine showed that the 
number of new lymphocytes formed each day in a rat amounts to only a small 
fraction of the normal output of lymphocytes from the thoracic duct. It was 
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concluded that in the normal rat the high turnover of the blood lymphocytes 
is due to a continuous recirculation of lymphocytes from the blood back into 
the lymph. 


I should like to thank Professor Sir Howard Florey, F.R.S. for his advice and encouragement. 
My thanks are also due to Miss Janet Taylor for valuable technical assistance, to Mr H. J. Stroud 
and Mr H. Vincent for making the apparatus, to Mr F. Bradley for the photographs and to Miss 
J. Phillips for the drawing. The radioactive isotopes were purchased with a grant-in-aid from the 
Royal Society. This work was carried out while the author was in receipt of a personal grant from 
the Medical Research Council. 
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EXPLANATION OF PLATE 


Fig. 1. The volume occupied by various lymphoid organs of a rat compared with the volume of 
a 24 hr collection of lymphocytes from the thoracic duct of another rat of the same age, 
weight and strain. The lymphoid organs were teased under saline and their connective tissue 
was included in each sample. All the tubes were then centrifuged together. From left to 
right: thymus; spleen; cervical, submaxillary and thoracic lymph nodes; mesenteric, caecal, 
portal and post-gastric lymph nodes; output of lymphocytes from the thoracic duct during 
the first 24 hr after cannulation. | 

Figs. 2-5. Autoradiographs of thoracic duct lymphocytes from rats which had received intra- 
venous infusions of tritium-labelled thymidine ( x 1500). 

Fig. 2. Labelled large lymphocyte in telophase. 

Fig. 3. Labelled large lymphocyte. 

Fig. 4. Two labelled medium lymphocytes. 

Fig. 5. A heavily labelled small lymphocyte is above the centre of the photograph. 
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GAMMA AMINOBUTYRIC ACID: CIRCULATORY AND 
RESPIRATORY EFFECTS IN DIFFERENT SPECIES; 
RE-INVESTIGATION OF THE ANTI-STRYCHNINE 
ACTION IN MICE 


By K. A. C. ELLIOTT anv F. HOBBIGER* 
Krom the Donner Laboratory of Experimental Neurochemistry, Montreal 
Neurological Institute, and the Department of Neurology and 
Neurosurgery, McGill University, Montreal, Canada 


(Received 19 August 1958) 


y-Aminobutyric acid (GABA) is a normal brain constituent which on topical 
application to the mammalian cortex inhibits electrically or chemically 
induced convulsions (Hayashi & Nagai, 1956) and reverses surface negative 
post-synaptic dendritic potentials of apical dendrites (Purpura, Girado & 
Grundfest, 19574, 6; Iwama & Jasper, 1957). The intravenous administration 
of GABA fails to produce such effects, since GABA does not pass the blood- 
brain barrier easily (Purpura, Girado, Smith & Gomez, 1958; van Gelder & 
Elliott, 1958). Thus initial hopes that GABA might be useful in the treat- 
ment of epilepsy soon had to be abandoned. However, since in the conscious, 
healthy man GABA in doses of 50 or 100 mg I.v. produced respiratory 
discomfort, bradycardia and hypotension, the circulatory and respiratory 
effects of GABA in anaesthetized common laboratory animals were analysed 
and the results obtained are reported here. The anti-strychnine action of 
peripherally administered GABA, described by McLennan (1957), was also 
re-investigated. 


METHODS 
To study the effect of y-aminobutyric acid (GABA) on circulation and respiration, experiments 
were carried out on dogs weighing 7-15 kg, cate weighing 2-3-5 kg and rabbits weighing 1-5-3 kg. 
Animals of both sexes were used and all experiments were carried out under anaesthesia. Unless 
otherwise stated the following procedure was used. Dogs received an 1.v. injection of sodium 
thiopentone 5-15 mg/kg and additional small doses of sodium thiopentone were given whenever 
required ; throughout each experiment a state of surgical anaesthesia was maintained and GABA 
was injected into a superficial vein of a forelimb. Rabbits were anaesthetized with 1-2 g urethane 
1.v.; further doses of urethane were given whenever required and GABA was injected into the 


* Present address: Department of Pharmacology, Middlesex Hospital Medical School, London, 
W. 1. | 
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marginal ear vein. Cate were anaesthetized with chloralose 70-80 mg/kg 1.v., and GABA was 
injected into the femoral vein, 

The blood pressure was recorded on a smoked drum via a mercury manometer connected to a 
cannula inserted into the left common carotid artery of cat or rabbit and the left femoral artery 
of dog. In some dogs the blood pressure was recorded with a Statham pressure transducer, 
Model P 23 A, connected to a Sanborn strain gauge amplifier equipped with writing pen. To avoid 
blood clotting, 1000 iu. heparin was injected into the arterial cannula immediately after its 
insertion, 

Respiration was recorded with a volume recorder fitted with an adjustable leak and attached 
to the expiratory side of a two-way valve system, which was fitted to the tracheal cannula. 

Counts of the heart rate were made from graphic records of the electrocardiogram, which was 
registered with a Sanborn electrocardiograph using bipolar chest-limb leads for animals and 
bipolar peripheral leads for human subjects. 

Intracisternal injections were given via a cannula, the tip of which was located in the cisterna 
magna. After withdrawal of 0-2 ml. of cerebrospinal fluid, a syringe containing 0-2 m]. GABA 
solution was attached to the cannula, 0-2 ml. of cerebrospinal fluid was withdrawn into the syringe 
and the mixture of GABA solution and cerebrospinal fluid was then injected intracisternally. 

Perfusion experiments. The perfusion fluid was a modified Tyrode solution (Hobbiger, 1958 a) 
containing (g/100 ml.) NaCl 0-9, KCl 0-02, CaCl, 0-02, MgCl, 0-01, NaHCO, 0-05 and glucose 0-1, 
equilibrated with 95% N,+5% CO, and pre-warmed to 37° C. 

For heart perfusions the Langendorff method was used. GABA and other substances were added 
to the perfusion fluid in a volume of 0-2 ml. by injection with a syringe, the needle point of which 
was located distally to a partial air gap within the perfusion system. The volume of perfusion fluid 
in the space between air gap and tip of the perfusion cannula amounted to 3 ml. 

For the perfusion of hind limbs animals were killed by decapitation and the body was divided 
at the level of the diaphragm. An inflow cannula was inserted into the aorta below the level of 
origin of the renal arteries and the outflow cannula into the abdominal vena cava. The rate of 
outflow was counted with a Gaddum drop-recorder. GABA was injected directly into the inflow 
cannula via a two-way connector piece. 

For studying the antistrychnine action of GABA, white mice of both sexes were used. The mice 
were either inbred and of an unclassified strain. obtained from the Royal Victoria Hospital, 
Montreal, or of the CF, strain obtained commercially. 

y-Aminobutyric acid (Merck or Roche Products Ltd.) is referred to throughout the text as 
GABA. 


RESULTS 
Experiments on human subjects 
Three healthy male human volunteers were given GABA by injection into the 
anticubital vein. 

One subject received 50 mg and 35 min later a further 100mg. A few 
seconds after each injection the electrocardiogram showed a short period of 
tachycardia followed by a longer-lasting period of bradycardia, followed again 
by tachycardia (Fig. 1). Attempts were made to measure the pressure in the 
brachial artery by auscultation during this period, but although a fall of more 
than 25 mm Hg (from 115 mm Hg) could be established by these means, the 
change was too abrupt for its maximum or time course to be accurately 
ascertained. A few seconds after each injection the subject noticed numbness 
in the limbs, a pricking sensation in the skin, dry mouth, respiratory discom- 
fort, pulsations in the head and a ‘rising sensation in the stomach’. 
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Of the two other volunteers one received a single dose of GABA 5 mg, and 
the other two doses of GABA 5 mg given at a 5 min interval. A few seconds 
after the injection both subjects noticed a pricking sensation in the skin and 
respiratory discomfort, and felt hot and very apprehensive; the e.c.g. showed 
tachycardia which in the case of the second dose of GABA was preceded by a 
transient period of bradycardia. 

In all three subjects the subjective symptoms completely disappeared 
within 2-5 min. Five minutes after the injection of GABA the blood pressure 
was normal but tachycardia disappeared more slowly. 


| 


100 mg 


Fig. 1. Effect of GABA 1.v. on the heart rate of a human subject. The two graphs labelled A show 
the effect of GABA 50 and 100 mg. The tracings below are records of the e.c.g. The records 
labelled B are two consecutive records showing the e.c.g. before injection, and the records 
labelled C are consecutive records showing the e.c.g. during the period while bradycardia, 
following the injection of GABA 100 mg, was most pronounced. 


_ Effects of GABA on circulation and respiration in animals 


Takahashi, Tiba, lino & Takayasu (1955) injected GABA into the marginal 
ear vein of rabbits anaesthetized with urethane, and made the following 
observations. GABA lowered the blood pressure for a period of a few minutes 
up to some 10 min, and with any given dose the duration of hypotension was 
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directly related to the depth of anaesthesia. The hypotensive action began 
within 10-15 sec of the injection and quickly reached a maximum. The 
maximum effect obtained with GABA represented a 50-60% fall of the blood 
pressure. The threshold dose was GABA 0-07 mg/kg, and GABA 10 mg/kg 
produced either the same or a slightly greater effect than higher doses. 


Time (10 sec) 
Fig. 2. Records of the respiratory stimulation by GABA 1.v. in a rabbit (2-1 kg; urethane 
anaesthesia). Control injections of saline had no effect on the respiration. 


These findings were confirmed in principle in our experiments. Takahashi 
et al. (1955) also stated in their publication that GABA produced bradycardia, 
but gave no detailed information on it. In our experiments bradycardia was 
negligible, and even with doses of GABA which were in excess of that required 
for a maximum hypotensive effect bradycardia never amounted to more than 
a 10% lengthening of the interval between any two heart beats. 

A major discrepancy between our results and those of Takahashi et al. (1955) 
concerns the effect of GABA on respiration. Whereas the Japanese authors 
state that GABA first depresses respiration and then stimulates it, in our 
experiments GABA invariably only stimulated respiration. In some experi- 
ments the stimulation of respiration was marked (Fig. 2) but in others it was 
only just noticeable. The respiratory stimulation preceded hypotension by a 
few seconds and sometimes coincided with a slight rise of the blood pressure. 

The following additional observations were made in our studies. 

The hypotensive action of GABA is not confined to rabbits under urethane 
anaesthesia, since it was also observed when sodium thiopentone or chloralose 
were used as anaesthetic agents. A hypotensive action was obtained regularly 
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when doses not exceeding 5 mg/kg were given at 30 min intervals (Fig. 3). 
However, with doses ranging from 1 to 5 mg/kg, the effect of the first injection 
was usually greater than that of the second injection of the same dose. Sub- 
sequent injections produced an effect very similar to that given by the second 
injection. Doses exceeding 5 mg/kg produced a desensitization to GABA after 
the blood pressure had returned to its pre-injection level. The degree and 
duration of desensitization were proportional to the dose of GABA used. 


B.P. (mm Hg) 


Time (10 sec) 
Fig. 3. Records of the circulatory effects of three 1.v. injections of GABA 1 mg/kg in a rabbit 
(1-9 kg; urethane anaesthesia). The injections, indicated by the arrows, were given at 
intervals of 30 min. 3 


Pentamethonium transiently reduced the hypotensive action of GABA to 
a small extent. In a typical experiment in which GABA 3 mg/kg was injected 
at 30 min intervals the second and third injections of GABA lowered the systolic 
blood pressure by 36 and 37%, respectively. The fourth dose of GABA, given 
5 min after an injection of pentamethonium bromide 10 mg/kg, lowered the 
systolic blood pressure by 28% and the fifth dose by 34%. Neither atropine 
sulphate in doses of 1 mg/kg nor bilateral vagotomy modified the response to 
GABA under the same experimental conditions. 


Dogs 


In dogs GABA Lv. regularly produced hypotension. The hypotension was 
always transient and its duration was determined by the dose used (Fig. 4). 
The lowest effective dose of GABA was usually of the order of 0-01-0-02 mg/kg 
and 1~10 mg/kg invariably produced the same or even a slightly greater effect 
than higher doses. The maximum fall of systolic blood pressure obtained with 
GABA in different experiments was 30-40%. Doses of GABA of the order of ten 
times the threshold dose or higher produced considerable bradycardia, which 
was most marked while the blood pressure fell or was at its lowest (Fig. 5). 

Doses of GABA which lowered the blood pressure also transiently reduced 
the depth of respiration (Fig. 6). The depression of respiration was always 
abrupt in onset and during the recovery phase an increase in the rate of 
respiration was seen in some dogs (Fig. 6). 

The delay between injection and onset of respiratory and circulatory actions 
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3 8 


B.P. (mm Hg) 


Fig. 4. Circulatory action of GABA Lv. in the dog (15-2 kg; sodium thiopentone anaesthesia 
The upper tracings are records obtained with a mercury manometer and the lower tracings 
are records obtained with strain-gauge recording. Records 1, 2, 4 and 5 show the effect of 
GABA 0-03 mg/kg, records 3 and 6 show the effect of GABA 0-3 mg/kg. The figures beneath 
individual records give the time of injection in minutes after the first injection (record 1). 


| Time (sec) 
3 i of a dog (10-7 kg; sodium thiopentone anaesthesia) injected with 
GABA 3 mg/kg 1.v. The two records are consecutive tracings. 
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of GABA varied from 5 to 10 sec in different experiments, and identical effects 
were obtained with GABA 1 mg/kg or less if a given dose was injected at 
suitable intervals (Figs. 4, 6). With higher doses a transient desensitization 
followed the injection; the duration of the desensitization varied with the 
dose of GABA given. 


Time (min) 


GABA GABA 3 mg/kg 


~ 


1 min 


Fig. 6. Respiratory depression by GABA in the dog. The upper record shows the effects of 
GABA 0-03 and 0-3 mg/kg in a 15-7 kg dog and the lower record the effect of GABA 3 mg/kg 
in a 10-7kg dog. Both dogs were anaesthetized with sodium thiopentone and GABA 
injections were given I.v. at the time indicated by the arrows. Expiration is recorded 
downwards. 


After bilateral vagotomy GABA 1 mg/kg produced considerably less 
bradycardia, but the intensity of the hypotensive response was very similar to 
that obtained before vagotomy, although the fall of the blood pressure was 
less abrupt. Atropine (0-5-1 mg/kg) did not modify the hypotension or brady- 
cardia obtained with GABA in vagotomized dogs. 

Intracisternal injections. GABA in doses up to 2 mg did not affect respira- 
tion, blood pressure or pulse rate. In one experiment GABA 10 mg depressed 
the depth of respiration for several minutes and raised the blood pressure 
considerably for more than 30 min. The interval between injection and the 
onset of both these effects was of the order of 1-2 min. In a second experiment 
GABA 20 mg was given and after a 1 min delay respiration gradually ceased 
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and the blood pressure fell to very low levels while the dog was kept on artificial 
respiration. It is possible that some of the effects obtained with GABA 10 or 
20 mg were caused by the hypertonicity of the injected fluid. 


Cats 


Chloralose anaesthesia. GABA, given I.v., produced variable effects on the 
blood pressure. In some experiments GABA lowered the blood pressure 
whereas in others it produced a hypertensive or a biphasic response (Figs. 7, 8). 
Hypotensive effects were often preceded by a just noticeable rise of the blood 
pressure (Fig. 7). The lowest effective dose of GABA varied between 0-1 and 
1 mg/kg; 10-100 mg/kg always produced the same or a slightly greater fall of 


Time (min) 


Fig. 7. Cireulatory and respiratory effects of GABA 1.v. in a 2-5 kg cat, anaesthetized with 
chloralose. The upper records show respiration, expiration downwards. The lower records show 
the blood pressure. Injections of GABA were given at 30 min intervals and are indicated by 
the arrows. The records are superimposed in such a way that the point of maximum expiration 
is directly above the corresponding point of the blood pressure. 


the blood pressure than higher doses. Both hypo- and hypertensive effects 
started 5-10 sec after the injection and their duration was determined by the 
dose. The effect of GABA 10 mg/kg on the systolic blood pressure, expressed 
as a percentage of the blood pressure before the injection of GABA, amounted 
to —6, —22, <—5, —20, —15, —15, +6 and +15% im different cats. 
Effects of GABA on the heart rate were negligible. The maximum change 
recorded in a cat in which GABA produced a hypotensive response amounted 
to a 20% lengthening of the interval between heart beats during the period 
while the blood pressure fell. 

The respiratory effects of smaller doses of GABA often consisted of a single 
gasp when the first 1-3 injections were given (Fig. 8) and a slight increase in 
depth of respiration was frequently seen after higher doses (Fig. 7). 
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Barbiturate anaesthesia. In five cats anaesthetized with 50 mg sodium d 
pentobarbitone/kg given intraperitoneally, GABA produced transient hypo- 1 
tension, comparable to or smaller than that illustrated in Fig. 7. 

Experiments under conditions used in electrophysiological studies. The medial e 
portion of the brain stem was partly coagulated at the level of the superior t 
colliculus on both sides of the mid line (Iwama & Jasper, 1957). Sodium thio- h 
pentone anaesthesia was employed before brain stem coagulation and inj jections 0 
of GABA were given several hours later. In two experiments, carried out under p 
these conditions, GABA in doses of 10 and 100 mg/kg slightly raised the 0 
systolic blood pressure for periods of less than 30 sec. In a third cat GABA in C 
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Fig. 8. Circulatory and respiratory effects of GABA 1.v. in a 1-9 kg cat, anaesthetized with 8 

chloralose. The upper records show the respiration, expiration downwards. The lower records ¢ 
show the blood pressure. Injections of GABA were given at 30 min intervals and are mar\ed 
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doses of 10 and 100 me/kg raised the systolic blood pressure for 3-4 min by 
18 and 26%, respectively. 

Intracisternal injections in cats under chloralose anaesthesia. In three 
experiments GABA 0-01 and 0-1 mg raised the systolic blood pressure for 30 sec 
to 2 min by up to 15%. In a fourth experiment GABA 0-1 mg had a small 
hypotensive effect. GABA 1 mg produced either hypotension or hypertension, 
or hypertension followed by hypotension. All these effects represented blood 
pressure changes not exceeding 25 °% in either direction and lasted for 2-3 min 
or longer. A second dose of GABA 1 mg had no blood-pressure effect if the 
cat was artificially respired. 

Transient depression of respiration was noticed in one cat after the injection 
of GABA 1 mg and in three cats after the injection of GABA 2-5 mg, given in 
divided doses of 1 mg at 15 min intervals. Complete respiratory paralysis 
lasting for more than 1 hr was observed in all cats when the dose required for 
transient respiratory paralysis was doubled. 

Circulatory and respiratory effects of intracisternal GABA usually developed 
after a latent period of one up to several minutes. In two cats, in which 0-01 
and 0-1 mg intracisternal GABA produced a transient rise of the blood pressure, 
GABA 10 mg/kg 1.v. produced hypotension. 

Experiments on the isolated perfused rabbit, rat and guinea-pig heart. Hearts 
from three rats and two guinea-pigs were used and no effect was obtained 
when up to GABA 10 mg was added to the perfusion fluid. In the rabbit heart 
(2 experiments) GABA 0-1 mg and higher doses slightly enhanced the force of 
contractions but had no effect on the rate. The maximum effect represented a 
15% increase in the force of contractions. These findings show that mam- 
malian and crustacean hearts respond differently, since GABA slows force 
and rate of contractions in the latter (Enger & Burgen, 1957; Brockman & 
Burson, 1957). GABA 10 mg had no effect on the response of the isolated 
rabbit heart to acetylcholine or adrenaline when the latter were given 30 sec 
after GABA. | 

Experiments on perfused hind limbs. In both rats and guinea-pigs GABA 1 mg 
occasionally produced a just noticeable transient increase in flow. GABA 
10 mg consistently increased the flow by up to 25%. This effect was abrupt in 
onset and lasted for not longer than 1 min. 

GABA-strychnine antagonism in mice. To investigate the effectiveness of 
peripherally administered GABA as an antagonist of a central stimulant, 
experiments were carried out on mice. Intraperitoneal GABA 0-2 mi. was 
given and 5 min later strychnine nitrate 0-2 ml. was injected subcutaneously. 
With all doses of strychnine the mice injected with GABA 0-5 mg per mouse 
showed a mortality similar to that observed in the control group. When 
GABA 5 or 50 mg per mouse was given and strychnine was used in a dose which 
produced partial mortality in the control group, female mice appeared to be 
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protected in 2 out of 3 experiments but the opposite result was obtained in 
a fourth experiment. In male mice the difference between the number of 
survivors in GABA-treated and control groups was always negligible. No 
protection was obtained in either male or female mice if strychnine was given 
in doses which were 1-5-2 times greater than those which produced an approx. 
75%, mortality in control groups. These results are presented in Table 1. 


TaBLe 
Number of animals killed 
Dose of Number of animals injected 
strychnine - A 
Weight nitrate No pre- 
Sex Strain (g) (ug/mouse) treatment GABA5mg GABA 50 mg 

9 MVH 19-21 10 0/4 

20 3/4 (9) 0/6 

40 2/2 (6) 2/2 (4) 2/2 (8) 
2 CF, 18-20 15 0/2 

20 5/T (8) 3/7 (14) 1/3 (21) 

30 3/3 (7) 3/4 (11) 4/4 (17) 
9 CF 17-18 20 5/4 (10) 10/14 (18) 
9 CF, 18-20 20 1/3 (19) 

30 5/6 (14) 0/3 0/3 
3 MVH 24-27 10 0/2 

20 2/3 (14) 2/4 (7) 
3 OF, 21-24 25 1/4 (20) 1/4 (18) 

30 3/4 (16) 3/4 (19) 1/4 (21) 
3 CF, 2M" 10 1/4 (16) 

12-5 2/4 (5) 3/4 (17) 

15 7/8 (7) 3/4 (18) 6/8 (23) 


The effect of GABA on the toxicity of strychnine in mice. The toxicity of strychnine was judged 
by its lethal effect. Each mouse in the control group, listed under the heading ‘no pretreatment’, 
received saline 0-2 ml. intraperitoneally, and 5 min later strychnine 0-2 ml. subcutaneously. 
Mice receiving GABA were given an injection of GABA 0-2 ml. intraperitoneally, instead of 
saline, and each mouse received the quantity of GABA indicated in the heading. The figures in 
brackets are the mean survival times in minutes for each group. 


DISCUSSION 


GABA 1.v. has both circulatory and respiratory actions in rabbits, dogs and 
cats anaesthetized with urethane, sodium thiopentone and chloralose, 
respectively. In the first two species and in most cats the circulatory effects of 
GABA consist mainly in a transient lowering of the blood pressure. Graded 
falls of the blood pressure are achieved over a 10-100 fold range of doses and 
the duration of hypotension is determined by the dose. Higher doses of GABA 
produce complete desensitization to GABA and the duration of desensitiza- 
tion is proportional to the desensitizing dose. 

Slowing of the heart by GABA is negligible in rabbits and cats but in dogs 
marked bradycardia follows the injection of GABA 0-1 mg/kg or higher 
doses. 

Respiratory effects of GABA vary between species. In rabbits, and to a 
much smaller extent in cats, varying degrees of respiratory stimulation are 
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seen, but in dogs GABA consistently depresses the respiration. All respiratory 
effects are transient, rapid in onset and either coincide with the fall of the blood 
pressure or precede the latter by a few seconds. 

A comparison of circulatory and respiratory effects of intravenous and intra- 
cisternal GABA shows that in dogs the effects of intravenous GABA are not 
the result of a direct action of GABA on the brain stem. In cats the possibility 
that in some experiments a part of the effect of intravenous GABA is attribut- 
able to an action of GABA on the brain stem cannot be excluded with certainty, 
on the basis of the experimental evidence presented. Purpura et al. (1958) have 
shown that in cats GABA does not penetrate the blood-brain barrier in effective 
concentrations. van Gelder & Elliott (1958) showed that the concentration 
of GABA im the cerebrospinal fluid of cats anaesthetized with chloralose was 
1-4-3-3% of that in the blood after the intravenous injection of large doses 
of GABA. Relatively high concentrations of GABA are required to produce 
effects on the cat’s cerebral cortex (Iwama & Jasper, 1957). Thus it seems 
unlikely that in cats a central action of GABA could account for the major 
part of the circulatory effects of intravenous GABA. 

Attempts to elucidate the mechanism by which the circulatory effects of 
intravenous GABA are accomplished provided the following information. In 
rabbits neither atropine nor bilateral vagotomy modifies the circulatory action 
of GABA, but ganglion block reduces it slightly. Experiments on perfused 
rabbit hearts show that GABA does not lower the blood pressure by reducing 
the force of ventricular contractions. GABA also has no effect on the response 
of the isolated rabbit heart to acetylcholine or adrenaline. In dogs some of the 
bradycardia produced by GABA is dependent on the intactness of the vagus, 
but bilateral vagotomy only slows the onset of hypotension without affecting 
it otherwise and the hypotensive response in vagotomized dogs is atropine- 
resistant. In cats under sodium pentobarbitone anaesthesia GABA 100 mg/kg 
fails to modify chemo- and baroreceptor activity in the sinus nerve (un- 
published observations). Since previous work (Hobbiger, 1958a, 6) has shown 
that some peripheral actions of GABA are markedly species-dependent it is 
not advisable to use information obtained in one species for the interpretation 
of results obtained in another species. The finding that GABA 1-10 mg pro- 
duces a transient vasodilatation in perfused hind limbs of rats and guinea-pigs 
might thus be of little significance for other species. 

One possible way in which GABA could produce hypotension is by affecting 
the vasoconstrictor tone of blood vessels. Since the circulatory actions of 
GABA in rabbits are only slightly reduced by pentamethonium, reduction in 
the activity of the sympathetic nervous system is certainly not the main cause 
of the GABA-induced hypotension in this species. The’ marked ganglion- 
blocking action which Florey & McLennan (1955) observed with Factor I, 
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inferior mesenteric ganglion of the rabbit, does not necessarily contradict 
our interpretation of results, since McLennan (1957) has shown that GABA 
and Factor I differ considerably in their actions. In the cat reduction in the 
activity of the sympathetic nervous system also seems to contribute little if 
anything to the circulatory action of GABA, since only a slight reduction in 
the effectiveness of preganglionic stimulation of the nictitating membrane 
by submaximal stimuli was observed after the 1.v. injection of GABA 10- 
100 mg/kg (unpublished observations). The possibility that GABA acts by 
releasing a vasodilator material appears unlikely since the fall of the blood 
pressure occurs abruptly in all species and the delay between injection of 
GABA and onset of action is short. 

The question arises as to what extent the work in animals under anaesthesia 
provides useful information for the interpretation of the action of intra- 
venous GABA in the conscious man. The following experiments seem to 
throw some light on this. Comparable results were obtained in rabbits 
anaesthetized with urethane, chloralose or sodium thiopentone, and. Taka- 
hashi et al. (1955) have reported that in unanaesthetized rabbits the effects of 
GABA were qualitatively the same but shorter-lasting than in rabbits under 
urethane anaesthesia. The tracings published by Takahashi et al. (1955) show, 
however, that in conscious rabbits GABA has a marked respiratory stimulant 
action which is not preceded by a phase of depression. In cats hypotensive 
responses were obtained when either chloralose or sodium pentobarbitone were 
used as anaesthetic agents but in unanaesthetized cats and in some cats under 
chloralose anaesthesia GABA had a hypertensive action. The action of GABA 
in the conscious man resembles more closely the action of GABA in the dog 
under sodium thiopentone anaesthesia than that in other species. However, 
whereas in man GABA produces the sequence tachybradia > bradycardia > 
tachycardia, in the anaesthetized dog GABA produces only bradycardia. 
Since in many experiments carried out under anaesthesia a very transient 
and just detectable rise of blood pressure preceded the hypotension, it is 
possible that anaesthesia masks some stimulant actions of GABA, and experi- 
ments in unanaesthetized dogs might reproduce the effects of GABA in man 
even more closely than experiments. in dogs under sodium thiopentone 
anaesthesia. 

The outcome of the experiments on the effect of GABA on strychnine 
poisoning in mice was not unexpected. As has been pointed out previously, 
GABA does not pass the blood-brain barrier easily, and recent experi- 
ments of Jasper, Gonzalez & Elliott (1958) have shown that GABA and 
strychnine are not antagonistic as far as their action on the action potentials 
of the mammalian cortex is concerned. In our experiments, GABA 50 mg/per 
mouse failed to protect mice against the lethal action of strychnine if strych- 
nine was given in 1-5 times the dose which produced a mortality not exceeding 
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75%. When strychnine was used in doses which produced only partial 
mortality in the control group, apparent protection was observed on two 
occasions in female but never in male mice. However, if all the experimental 
results are combined no significant GABA-strychnine antagonism could be 
demonstrated. Since vascular actions of the high doses of GABA used cannot 
be excluded as a factor responsible for minor changes in strychnine toxicity it 
seems to us that there is at present no evidence for an antagonism of strychnine 
and GABA resulting from an action of the two substances on the central 
nervous system. The observations with higher doses of strychnine agree with 
the findings of Brockman & Burson (1957). 


SUMMARY 

1. The circulatory actions of y-aminobutyric acid (GABA) 1.v. were studied 
in rabbits, dogs and eats under urethane, sodium thiopentone and chloralose 
anaesthesia, respectively. In the first two species and in most cats GABA 
lowered the blood pressure. This effect was quick in onset, transient and 
repeatable when smaller doses of GABA were given at suitable intervals. 
Higher doses of GABA produced desensitization. 

2. In dogs the fall of the blood pressure was associated with marked 
bradycardia, which was less marked if GABA was injected after bilateral 
vagotomy. “ 

3. The action of GABA on the blood pressure of rabbits and of vagotomized 
dogs is atropine-resistant, and on isolated rabbit hearts GABA does not depress 
the myocardium. 

4. Experiments in which GABA was given intracisternally indicate that 
the circulatory effects of GABA 1.v. in dogs and most probably in cats are 
not due to an action on the brain stem. ne 

5. The hypotensive action of GABA was also observed in rabbits anaes-' 
thetized with chloralose or sodium thiopentone and in cats anaesthetized with 
sodium pentobarbitone, but a transient rise of the blood pressure was obtained 
in some cats under chloralose anaesthesia and in unanaesthetized cats. 

6. In conscious man GABA 50-100 mg 1.v. produced transient hypotension, 
and bradycardia preceded and followed by tachycardia. 

7. The respiratory effects of intravenous GABA in anaesthetized animals 
were abrupt in onset, transient and species-dependent. In rabbits, and to a 
much smaller extent in cats, GABA stimulated the respiration but in dogs 
it consistently depressed it. 

8. No antagonism by GABA against lethal doses of strychnine could be 
demonstrated in mice. 
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Hysteresis on inflation and deflation of the lungs has been described in man 
(Mead, Whittenberger & Radford, 1957; Butler, 1957) and in rabbits (Bern- 
stein, 1957). A large distension of the lungs causes a temporary rise in com- 
pliance, i.e. for the same pressure increment the volume change of the lungs 
is greater, and the pressure-volume curve of the lungs is displaced towards 
the volume axis. es 

Stress relaxation, on the other hand, has not been greatly studied although 
it has often been noted (Bayliss & Robertson, 1939; Mount, 1955; Butler, 
1957). In this instance, after the lungs are inflated to constant volume there 
is a slow fall in transpulmonary pressure, and the opposite occurs after a 
deflation (Butler, 1957). This is similar to stress relaxation seen when an 
imperfectly elastic structure is subjected to a constant strain or distortion, 
or when an elastic structure is stressed beyond its yield point. In the lungs 
stress relaxation may be due to the same cause as hysteresis. We have studied 
stress relaxation in rabbits’ lungs both because it may offer a different method 
of examining hysteresis (compared with the plotting of pressure-volume 
curves) and in an attempt to discover why the lungs are imperfectly elastic. 
Mead et al. (1957) and Radford (1957) concluded that hysteresis is due to 
surface tension effects in the lungs, since hysteresis is greatly reduced in 
saline-filled lungs without an air—water interface. An alternative possibility 
is that there is a true yielding in the lung parenchyma, and our results indicate 
that this is so, and that part at least of hysteresis and stress relaxation is due 
to such a plastic deformation. 


METHODS 


Fifty-nine rabbits have been used, many as part of a pathological investigation of pulmonary 
brucellosis. The fact that infected lungs were to be studied dictated to some extent the methods 
used (since adequate safety precautions had to be taken). The results given in this paper deal only 
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with rabbits before infection. The changes found in rabbits infected with Brucella suis are published 
elsewhere (Hughes, May & Widdicombe, 1959). 

Intra-oesophageal pressures were measured through a water-filled polyethylene catheter passed 
through the mouth and connected to @ capacitance manometer. Intratracheal pressures were 
measured with an air-filled capacitance manometer. The frequency responses of the manometers 
with catheters attached were better than 200 c/s. Inflations were made with a motor-driven 
syringe which gave linear movement of variable speed and stroke. Volumes of 0-100 ml. were 
used at rates of 30-890 ml./sec. Very approximately this would correspond to volumes of 0-2500 mI. 
and rates of 750-7500 ml./sec for man. 

Experimental procedure. The animals were anaesthetized with pentobarbitone sodium, 32 mg/kg 
intravenously. Tubocurarine (0-5 mg/kg) was injected intravenously, and the rabbits wereintubated 
through the mouth with straight glass cannulae of 1 om internal bore, narrowing to 4mm at the 
laryngeal end. The elasticity of the larynx made an air-tight joint round the cannula. After 
tracheal intubation the lungs were ventilated by a pump with constant inflation volumes of 
30-50 ml. at 20/min. Expiration was passive, and an expiratory overflow valve set at 1-5 cm H,0 
was added to minimize collapse of the lung. 

The lungs were first inflated at constant speed (30 ml./sec) with increasing volumes in steps of 
10 ml. up to 70-100 ml. The inflation volume was then fixed (usually at 50 ml.) and a series of 
inflations carried out at different rates (30-300 ml./sec); after each test inflation the rabbit was 
artificially ventilated by pump for about 1 min while the inflation syringe was readjusted. Both 
series of taflations were then repeated. Other experiments, as described in Results, were then 
done. 

On completing the experiment the rabbits were allowed to recover from the anaesthetic and 
curare. This procedure allowed survival experiments to be done, and in some rabbits as many as 
six experiments were nade at intervals of days or weeks with no evidence of harm to the rabbit. 

Caleulation of results. Intra-oesophageal and intratracheal pressures were recorded (a typical 
record is shown in Fig. 1), measured and subtracted to give transpulmonary pressure (Fig. 2). All 
results refer to transpulmonary pressure, unless otherwise stated. 

Compliance was determined from the relationship between inflation volume and the trans- 
pulmonary pressure measured | sec after the end of inflation. Non-elastic resistance was estimated 
from the relationship between rate of air flow and the size of the immediate drop in transpulmonary 
pressuré seen at the end of inflation (the vertical arrow in Fig. 2). Allowance was made for the 
resistance of the tracheal cannula. This method is equivalent to the interruptor technique of Otis 
& Proctor (1948), although in this instance the interruption is maintained rather than transient. 
The method measures lower airway and tissue viscous resistance. Stress relaxation was measured 
from the slow fall in pressure seen after the end of inflation (horizontal arrow in Fig, 2) until 1 sec 
had elapsed. It is expressed in cm H,0; since it does not bear a linear relationship with either 
inflation volume or rate of inflation, it cannot be simply expressed in terms of these variables. 

These calculations are based on the assumption that intra-oesophageal pressure is equivalent 
to intrapleural pressure in the anaesthetized rabbit. Control experiments showed that there were 
the same respiratory pressure fluctuations at the two sites, although there was sometimes a 
maintained pressure difference between the two. 

Experiments on isolated tracheas. Tracheal segments were investigated in situ by inserting 
second cannula as low down the trachea as possible, and tying off the trachea just above. There 
was thus a length of trachea 2-3 cm long, occluded at one end and cannulated at the other. In 
some experiments this length of trachea was excised and suspended in an organ bath containing 
oxygenated Ringer—Locke’s solution. Fifteen successful experiments were done on. isolated 
tracheas from rabbits, cats and guinea-pigs. 

Administration of drugs. Histamine acid phosphate solution (2% w/v) was administered as an 
aerosol from a clinical‘ atomiser’. 
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Fig. 1. Records of intra-oesophageal pressure (above) and intratracheal pressure (below) on 
constant-speed inflation of the lungs in an anaesthetized, curarized rabbit. Inflation volume, 
80 ml., inflation speed, 200 ml./sec. Time marker 0-1 sec. 
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Fig. 2. Transpulmonary pressure curve obtained by subtraction of the pressure records in Fig. 1. 


RESULTS 
It at first appeared that stress relaxation might be due to a slow component of 
non-elastic resistance. To see if airway resistance was involved, inflations were 
done with an 80% hydrogen 20% oxygen mixture; this reduced the immediate 
fall in pressure, as would be expected (Bayliss & Robertson, 1939). However, 
the timing and size of the stress relaxation was unchanged (Fig. 3). A further 
reason for supposing that the effect was not due to non-elastic resistance is 
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that the fall in pressure was largely independent of the rate of flow. Fig. 4 
illustrates an experiment in which the immediate drop in pressure due to non- 
elastic resistance increased with the rate of air flow, but the stress relaxation 
was little affected except at slow rates of flow. At these values there is bound 
to be a decrease in measured stress relaxation since the line must pass through 
the origin; at very slow rates of flow the stress relaxation would take place 
during the inflation and not be apparent afterwards. : 

On the other hand, stress relaxation bore a clear relationship to the volume 
of inflation (Fig. 5), whereas non-elastic resistance was largely independent 
of this. Fig. 5 also shows that there is a point of inflexion on the lung volume- 
stress relaxation curve (above which stress relaxation increases rapidly) and 
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Fig. 3. Changes in the intratracheal pressure record on inflation of the lungs with 50 ml. of 80%, 
hydrogen and 20% oxygen (B). A and C are control inflations with air, before and after B. 
The immediate fall in pressure due to non-elastic resistance is decreased by the hydrogen- 
ee eee Ordinate scale, 20 cm H,O; time marker, 

sec. 


- 
t 
| 
| Fi 
| 
i 
. 
t’ > ¢.4 


STRESS RELAXATION IN RABBITS’ LUNGS 89 


Transpulmonary pressure (cm water) 


0 i j 
0 100 200 300 


Speed of inflation (ml./sec) 

Fig. 4. Relationship between stress relaxation (—O—>) and the pressure to overcome non-elastic 
resistance (— x —) and the speed of inflation. Inflation volume 70 ml. for all inflations. The 
vertical lines give standard deviations; eight series of measurements were made during four 
experiments on different days. 


50 

Inflation volume (mi.) 

Fig. 5. Relationship between compliance (indicated by the static inflation pressure, — x —), stress 
relaxation (—O—) and pressure to overcome non-elastic resistance (—@—) and the volume 
of inflation. Speed of inflation 200 ml./sec for all inflations. The vertical lines give standard 
deviations; ten series of measurements were made during five experiments on different days. 
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that this point coincides approximately with the inflexion on the compliance 
curve. The latter has been studied by Bernstein (1957) and depends on the 
previcus history of inflation. In our experiments we have never reached a 
volume of inflation at which stress relaxation failed to increase, although at 
very high inflation volumes the non-elastic resistance tended to fall. 
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Fig. 6. Reverse stress relaxation seen on deflation of the lung. Upper trace, intratracheal 
pressure; lower trace, intra-oesophageal pressure. Time mark, 1 sec. The lung volume was 
raised to 60 ml. ; stress relaxation can be seen (first arrow). 30 ml. gas was then withdrawn from 
the lungs; reversed stress relaxation can be seen both in the lungs and in the extrapulmonary 
structures (second arrow). | 
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Time (min) 
Fig. 7. Changes in compliance (— x —, indicated by static inflation pressure), stress relaxation 
(—O—) and pressure to overcome non-elastic resistance (—@—) on inhalation of 2% 
histamine aerosol for 5 min (at the vertical line). All inflations were 50 ml. at 200 ml./sec. 


A reverse effect to stress relaxation has been seen on deflation of the lungs 
(Fig. 6). Both the size and timing of the response corresponded closely to 
stress relaxation on inflation of the lungs. A similar effect has been seen in 
man by Butler (1957) and by R. Marshall (unpublished observations). 

Bronchoconstrictor drugs increased stress relaxation in the intact lung, 
although they had far less effect on lung compliance measured under static 
conditions (cf. Radford & Lefcoe, 1955). Fig. 7 shows changes in compliance, 
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stress relaxation and non-elastic resistance ( probably mainly airway resistance) 
in a rabbit given 2% histamine aerosol to breathe. There is a considerable 
increase in non-elastic resistance and in stress relaxation, but static compliance 
was not appreciably decreased. In some rabbits there was a decrease in com- 
pliance, but this effect was never as large as the change in stress relaxation. 
Inhalation of a hydrogen-oxygen mixture reduced the non-elastic resistance 
but. not the stress relaxation, supporting the belief that the latter was not 
entirely due to increased airway resistance. Atropine sulphate 1 nae did 
not change the ‘stress relaxation in rabbits not given constrictor drugs. 


Fig. 8. Stress relaxation in a tracheal length isolated in situ. A, control deflation with 0-2 ml. 
B, a similar deflation after instilling acetylcholine 10 ug/ml. into the trachea for 30 sec and 
then withdrawing the fluid. Time mark, 1 sec. Ordinate scale, 20 cm H,0O. 


In some rabbits the chest was widely opened in the mid line, the expiratory 
resistance was increased to prevent collapse of the lung, and the experiments 
were repeated, with results similar to those described above. To investigate 
the possibility that the phenomenon was due to shifts in pulmonary blood, 
inflow and exit of blood from the lung were prevented by tying a ligature round 
the atrioventricular groove of the heart, and the experiment was repeated. 
Once again there was no significant difference, nor was there when the animal 
was exsanguinated. 

Stress relaxation has also been studied in lengths of trachea isolated in situ 
or suspended in an organ bath containing Ringer-Locke’s solution. Fig. 8 
illustrates an experiment, and it can be seen that the stress relaxation has 
approximately the same time relationship, and is of the same proportionate 
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size, as for the entire lung. Stress relaxation was seen with both inflations 
and deflations. In isolated trachea it was considerably increased by drugs 
which contract smooth muscle (Fig. 8), although the compliance of the seg- 
ments was usually only slightly decreased. Although this suggested that the 
phenomenon was influenced by smooth muscle tone, incubation of the length 
of trachea with sodium cyanide during the night (to paralyse the muscle) did 
not abolish stress relaxation, although this was smaller and constrictor drugs 
now no longer increased it. We found, too, that isolated tracheal segments, 
whether filled with air or with saline, exhibit hysteresis (Fig. 9) which is 
qualitatively similar to that seen in the lung. : 


20r 


intratracheal pressure (cm water) 


= 


j 
—05 0 05 - 10 
Inflation volume (mi.) 
Fig. 9. Hysteresis curve for a tracheal length isolated in situ. The arrows indicate 
_ the order of volume changes. 
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In addition to rabbits, cats and guinea-pigs have been used, both for 
experiments with intact lungs and with isolated tracheas. The results were 
qualitatively identical, and quantitatively similar. Stress relaxation has 
also been seen in mice, rats, dogs and monkeys but not fully investigated in 
these species. R. Marshall (unpublished observations) has investigated tbe 
phenomenon in man, repeating the rabbit experiments as far as possible, and 
one of us (J.G. W.) has confirmed many of his results. 
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DISCUSSION 


We have studied the fall in transpulmonary pressure during maintained 
inflation of the lungs and have ascribed this effect to stress relaxation. Before 
. considering the possible nature of this phenomenon two processes can be 
excluded. Any change in gas content of the lungs, due to greater absorption 
of oxygen than output of carbon dioxide, would not be enough to produce the 
fall in pressure observed, even assuming that the respiratory quotient were as 
low as 0-7. Neither would such a mechanism explain the stress relaxation in 
isolated trachea or reverse stress relaxation seen on deflation. A more im- 
portant consideration concerns thermal effects in the gas. If gas is suddenly 
compressed the temperature increases and causes a greater rise in pressure 
than would be expected from Boyle’s Law. There is then a decline in pressure 
at constant volume due to the conduction of heat from the gas into the sur- 
rounding structures. This explanation could not account for the stress relaxa- 
tion seen in saline-filled tracheas and lungs, although small in the latter, and 
in human lungs inflated spontaneously. A critical experiment was to enclose 
excised rabbits’ lungs in a fluid-filled box with the trachea connected externally. 
A sudden injection of air into the lungs to raise the pulmonary pressure to 
10-20 cm H,O caused a rapid overshoot in pressure, but no pressure fall 
similar to stress relaxation. In these circumstances true stress relaxation 
would not be present, since the lungs could not be expanded further, but a 
thermal rise in pressure would occur. We conclude, then, that in normal lung 
the thermal effect is rapidly dissipated by conduction of heat into the lung 
tissue, and that the slow fall in transpulmonary pressure is due to another 
cause. However, the rapid fall in pressure (due mainly to non-elastic resistance) 
might be partly due to thermal effects, which is one reason why we cannot draw 
accurate quantitative conclusions about the latter phenomenon. 

A pressure change after deformation of the lungs could be due either to a 
non-elastic (i.e. viscous) resistance-compliance system or to stress relaxation. 
in the former instance there should be a clear relationship between the pressure 
change and the previous speed of inflation (either linear or between linear and 
the second power), as is found in determining coefficients of non-elastic 
resistance (e.g. the upper curve in Fig. 4). Stress relaxation, however, is 
independent of the rate of deformation, except that with slow rates of deforma- 
tion the stress relaxation takes place during the deformation and does not 
appear afterwards. But stress relaxation should increase with the size of the 
strain (i.e. lung volume) possibly showing a yield point (e.g. the lowest curve 
in Fig. 5). When this distinction between stress relaxation and the fall in 
pressure due to non-elastic resistance is applied to our results it is clear that 
the slow fall in pressure observed is more likely to be due to stress relaxation 
than to non-elastic resistance exerting a slow effect. Further evidence that it 
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is not caused by constricted airways is the fact that it is independent of the 
gas inhaled. 

It would be more reasonable to suppose that the fall in pressure ascribed to 
stress relaxation is due to opening of pulmonary units or alveoli which were 
previously closed. Bernstein (1957) in his study of hysteresis in rabbits’ lungs 
concludes that the increase in compliance seen after large inflations is due to 
opening of previously closed alveoli which have a ‘critical opening pressure’. 
Butler (1957) and Mead et al. (1957) imply a similar condition in man, and the 
latter authors suggest that part of the alveolar bed is kept closed by surface 
tension forces (see below). There are several reasons for caution in adopting 
this view. First, the size of the fall in pressure during stress relaxation and of 
the compliance change during hysteresis is such that a high proportion of the 
alveolar bed would have to be opened, and therefore it follows that with 
eupnoeic tidal volumes a high proportion of the alveolar bed must be closed. 
Accurate calculations are impossible, but if one assumes uniformity and 
linearity in alveolar compliance, then up to 25% of new alveoli would have to 
open to explain the stress relaxation described in this paper, and up to 30% 
of new alveoli for the hysteresis described by Bernstein (the figures are per- 
centages of the alveolar bed open with eupnoeic tidal volumes). These estima- 
tions are very approximate, since the functional residual capacities of the 
animals are not known, nor is the effect of closed alveoli on the compliance of 
adjacent open alveoli; but it seems certain that our results, and those measuring 
hysteresis in rabbits and human lungs, can only be due to the opening of 
collapsed alveoli if there is a considerable degree of closure with eupnoeic lung 
volumes. This consideration does not merely apply to anaesthetized rabbits, 
but also to unanaesthetized humans (Mead et al. 1957). Even if alveolar 
collapse to this degree were possible, one would expect increasing inflations to 
open alveoli until a maximum were reached with all alveoli open. However, 
in rabbits with open chests stress relaxation increased with lung volume until 
the lungs were ruptured, and it seems inconceivable that with these volumes 
and pressures a considerable proportion of alveoli remained closed. A further 
difficulty is the reversal of stress relaxation on deflating the lungs; in these 
circumstances alveoli would not only have to close but also to extrude oem 
gas contents in order to decrease lung compliance. 

There remains the possibility of a true stress relaxation in the lung tissues. 
Such an effect is seen in isolated tracheal segments (Fig. 8) where there is no 
question of the opening of pulmonary units, and in this site the time relation- 
ships are similar to those of the whole lung. The magnitude of the stress 
relaxation is often proportionately smaller, and so is the hysteresis, in the 
trachea compared with lung. Stress relaxation can also be seen in the. chest 
wall and associated structures, both in our rabbits (Fig. 1) and in man (Butler, 
1957). In the‘animal experiments the timing and proportionate size aré very 
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similar. In Fig. 10 stress relaxation is plotted against time for trachea, lung 
(on inflation and deflation with air), and chest wall. The pressure is on a 
logarithmic scale so that the slope of the lines indicates the time constants of 
the pressure changes. The similarity in timing is evident. Also included are 
values for the stress relaxations of the perfused vascular bed of the dog’s 
lung taken from Sarnoff & Bergland (1952). The fact that stress relaxation 
in the lung is similar in timing and magnitude whether the lung is inflated 
with air or its vascular bed is engorged with blood suggests that we are dealing 
with a property of the tissues rather than with an opening of alveoli. 
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Fig. 10. The time course of stress relaxation plotted for the lungs (on inflation and on deflation), 
the trachea and the extrapulmonary structures. A curve for the pulmonary vascular bed 
calculated from Sarnoff & Bergland (1952) is included. The ordinate on logarithmic scale. 


We have suggested that stress relaxation as described here is due to the 
same underlying mechanism as hysteresis (measured from static pressure— 
volume curves); it is important to establish their identity so that our results 
are comparable with those of other workers who investigated hysteresis. The 
evidence is as follows. (1) Hysteresis caused by maintained volume inflation 
must take a finite time to occuf and during this time it would be manifest as a 
fall in transpulmonary pressure. (2) In our experiments. hysteresis only 
became apparent when the volumes of inflation were sufficient to produce 
considerable stress relaxation, and the size of the two effects ran closely 
parallel ; the point of inflexion on the compliance curve (Fig. 5) has been shown 
by Bernstein (1957) to correspond to the start of hysteresis, and at this level 
stress relaxation becomes prominent. (3) If stress relaxation occurs the lung 
would exhibit hysteresis during deflation, since by definition the strain in the 
tissue would be increased at any given stress. A common process must there- 
fore be sought to explain both events. 
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Mead et al. (1957) have shown that compliance is greatly increased and 
hysteresis almost abolished if the lungs are emptied of gas and filled with 
saline; they conclude that hysteresis is largely due to surface tension. In a 
later paper Radford (1957) distinguishes between two causes of hysteresis. 
With small lung volumes, collapsed bronchioles (with a critical opening pressure 
dependent on surface tension) are opened on inflation and remain open during 
subsequent deflation, thus increasing compliance. With large lung volumes, 
however, all the pulmonary units are patent and hysteresis is due to surface 
tension effects at an alveolar level. The incrimination of surface activity is 
based on the great reduction of hysteresis in saline-filled lungs, in which condi- 
tion compliance may be more than doubled. The work of Clements, Brown & 
Johnson (1958) on the surface tension behaviour of films of lung extracts is 
in close agreement with Radford’s views, since the films show hysteresis when 
made to expand and contract. The stress relaxation described above might be 
partly due to the surface-film hysteresis, but there is evidence of a true tissue 
stress relaxation as well. The presence of stress relaxation in other tissues 
such as trachea, the influence of changes in bronchial tone and the fact that 
even in saline-filled lungs there is some residual stress relaxation and hysteresis 
point to this conclusion. 

Whatever the cause of stress relaxation and hysteresis, during the respiratory 
cycle work will have to be performed to overcome it. In this sense it will 
behave like a non-elastic resistance to lung movement, but unlike airway and 
lung tissue viscous resistances it will be less dependent on the rate of air flow 
(especially at high rates of flow) and more dependent on the volume level of 
breathing. Mount (1955, 1956) has investigated such a resistance in rats’ 
and cats’ lungs, and we agree with Butler (1957) that this corresponds to 
pulmonary hysteresis. 

SUMMARY 


1. Stress relaxation has been studied in the lungs of anaesthetized, curarized 
rabbits. It increased with lung volume and was enhanced by broncho- 
constriction. 

2. On deflation a reverse effect was observed. 

3. Stress relaxation and hysteresis were investigated in lengths of trachea 
isolated in situ or in an organ bath, the lengths being filled with air or saline. 
Drugs which caused smooth muscle contraction increased the stress relaxation. 

4. The possible nature of stress relaxation is discussed. It is thought to be 
due to a yielding of pulmonary tissue in addition to surface tension effects, and 
it is comparable with the stress relaxation seen in other tissues. 


I am grateful to Dr R. Marshall, Nuffield Department of Surgery, Radcliffe Infirmary, Oxford, 
for permission to include results of his unpublished experiments. 
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The amount of fructose in the foetal blood is large in ungulates (Bacon & Bell, 
1948; Huggett, Warren & Warren, 1951) but small in most other mammals, 
including monkey and man (Orr, 1924; Hagerman & Villee, 1952; Chinard, 
Danesino, Hartmann, Huggett, Paul & Reynolds, 1956; Goodwin, 1956). The 
amniotic and allantoic fluids of ungulates are also characterized by a high 
fructose content (Barklay, Haas, Huggett, King & Rowley, 1949). The presence 
of this fructose in the foetal blood poses the question of whether it arises in the 
foetus or placenta or is transferred across the placenta from the maternal blood. 
The concentration of fructose is higher in foetal than in maternal blood both in 
sheep (Cole & Hitchcock, 1946) and in man (Hagerman & Villee, 1952), and 
thus it could not be passing by simple diffusion from maternal to foetal blood. 
Holmberg, Kaplan, Karvonen, Lind & Malm (1956) showed that fructose 
crosses the human placenta much more slowly than glucose, xylose or galac- 
tose. In sheep the placenta is clearly the site of fructose formation (Huggett 
et al. 1951) and in man and the rhesus monkey the placenta in situ does not 
produce fructose at a rate sufficient to alter the foetal blood fructose concen- 
tration following artificially induced hyperglycaemia in the mother (Chinard 
et al. 1956). : 

The production of fructose from sorbitol was first demonstrated by Embden 
& Griesbach (1914) in the perfused liver of dogs. The enzyme catalysing this 
reaction was partially purified from rat liver and was shown to be a diphospho- 
pyridine nucleotide-linked dehydrogenase (Blakley, 1951). Hers (1957) 
demonstrated the presence of two enzymes in foetal sheep liver, aldose reductase 
and ketose reductase, which catalyse the following reactions: 


Glucose + TPNH + H+ = Sorbitol + TPN, 


Sorbitol+ DPN = Fructose + DPNH + H+. 
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Both these reactions, although reversible, would be expected to proceed to the 
right im vivo because in tissues triphosphopyridine nucleotide (TPN) is pre- 
dominantly in the reduced form and diphosphopyridine nucleotide (DPN) is 
mostly in the oxidized form (Glock & Mclean, 1955). Together, they provide a 
mechanism for the production of fructose from glucose without the formation 
of phosphorylated intermediates. Hers (1957) also demonstrated the presence 
of aldose reductase in the placenta of foetal sheep and postulated that the 
fructose of the foetal blood is produced primarily in the foetal liver, although 
a small amount is derived from the placenta. Huggett et al. (1951) had shown 
earlier that fructose is produced by the perfused sheep placenta and Hagerman 
& Villee (1952) found that it was produced by slices of human placenta 
incubated in vitro. The present studies were undertaken to determine whether 
fructose production from glucose in the human placenta occurs via the reduc- 
tion of glucose to sorbitol and its subsequent oxidation to fructose, or via the 
intermediate formation of glucose 6-phosphate and fructose 6-phosphate. 


MATERIALS AND METHODS 


Full-term placentas and a few obtained by Caesarean section were used within 10 min of delivery. 
Small pieces were cut out and washed with a copious amount of ice-cold 0-9% NaCl solution. The 
tissue was freed from connective tissue by blunt dissection and then homogenized in two volumes 
of 0-155 m-KCl. The homogenate was centrifuged at 2000 g for 10 min to remove nuclei and cellular 
debris. In some experiments the resulting ‘whole homogenate’ was used directly and in others 
it was separated into fractions by ultracentrifugation. In the latter case the ‘whole homogenate’ 
was centrifuged at 10,000 g for 20 min to sediment the mitochondria. These were washed twice 
by resuspension in KCl solution and centrifugation. The supernatant fluid from the initial 
centrifugation at 10,000 g was transferred to another tube and centrifuged at 57,000 g for 1 hr to 
sediment the microsomal fraction. The supernatant fluid from this centrifugation was the non- 
particulate fraction used in some of the experiments. 

The placental preparations were ordinarily incubated in a phosphate buffer which contained 
(umole/ml, buffer): phosphate 10, Cl- 20, Mg*+ 10, and K+ 18-3, adjusted to pH 7-4 with KOH 
solution. Each flask contained 1 ml. of buffer, 1 ml. of placental preparation and 1 ml. of distilled 
water containing substrate and co-factors as indicated for each experiment. When fructose 
production from fructose 6-phosphate or glucose 6-phosphate was measured, 2 ml. of buffer, 
1 ml. of placental preparation, and 1 ml. of water was used. The flasks were incubated for 
2 hr (or 15 min when phosphate production was measured) with shaking in a water-bath at 
37° C. 

After incubation, samples of the medium were analysed for total reducing sugar by the method 
of Nelson (1944), fructose by the method of Roe according to the directions of Higashi & Peters 
(1950), sorbitol by the method of West & Rapoport (1949), glucose by a glucose oxidase reagent 
(Eli Lilly and Co.), and inorganic phosphate by the method of Lowry & Lopez (1946). Nitrogen 
analyses were made on separate samples of the placental preparation by a micro-Kjeldahl 
method, 

For chromatography, samples of the incubation medium were precipitated with zinc sulphate— 
barium hydroxide, the supernatant fluid after centrifugation was concentrated at 50° C and salts 
were removed by passing the solution over an ion-exchange resin (Deeminac, Crystal Research 
Laboratories Inc., Hartford, Conn.). The resulting solution was taken to dryness in vacuo, 
dissolved in water and placed on Whatman No. 1 paper for ascending chromatography with 
butanol: acetic acid: water (4:1:1) or phenol: water (4:1) (Block, Durrum & Zweig, 1958). The 
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were then dried and sprayed with an orcinol or naphthoresorcinol reagent for the 
detection of fructose or with methyl red in boric acid for the detection of sorbitol. The former 
spray reagent was developed at 110°C and the latter at 37°C. Appropriate standards were 
always placed on the same chromatogram. s.p. were calculated by the usual formula and the 
comparison of averages was done by means of Student’s test. 


RESULTS 
Whole ‘placental homogenates’ were incubated with or without sorbitol and 
DPN and analysed for fructose and for total reducing sugars. Neither sorbitol 
nor DPN alone increased the amount of fructose produced, but the completed 
system produced significantly more (P < 0-05) fructose than the incomplete 
system (Table 1). 


TaBLe 1. Production of fructose and total reducing sugar 


by homogenized human full-term placenta 
Fructose Total reducing 
None 8040-3 123+ 6-4 
Sorbitol 6-140-3 126+6 
DPN 9341-6 12242 
Sorbitol and DPN 16-64 3-1 17742 


The values represent the »moles of sugar produced per 2 hr and per g protein + the s.p. 
0-68 umoles of DPN and 15 umoles of sorbitol were added to the flasks as indicated. Each value 
is the mean of 14 determinations. 


In one experiment (incubation and analyses in triplicate) the ‘whole 
homogenate’ was incubated in a medium containing DPN and sorbitol. 
The amount of fructose produced, estimated by the resorcinol method, was 
18-2 pmole/g protem in 2 hr. In these same experiments the difference 
between total reducing sugar and true glucose at the end of the incubation 
was 87 umole/g protein in 2 hr. These results support the idea that other 
ketoses are produced when sorbitol and DPN are present. However, since 
these ketoses could interfere in the resorcinol method, the sugar produced was 
identified chromatographically. It was possible to demonstrate the presence 
of fructose spots which did not differ in their rate of migration from suitable 
standards. 

Washed mitochondria had no ketose reductase activity, i.e. there was no 
increase in the amount of resorcinol-positive material produced by mitochondria 
when sorbitol and DPN were added to the incubation medium. However, the 
non-particulate fraction, when incubated with the co-factor alone, produced 
6-5+1-0 pmole fructose/g protein in 2 hr and the same fraction when in- 
cubated with both DPN and sorbitol produced 12-0 + 2-3 zmole/g protein in 
2hr. This difference is significant (P < 0-05). These experiments provide 
evidence that human placenta contains an enzyme which catalyses the trans- 
formation of sorbitol to fructose. The enzyme is located in the non-particulate 
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fraction of the placenta homogenate, and there is no evidence that this enzyme 
differs from the ones described by Blakley (1951) and by Shaw (1956). 


TaBLE 2. Production of fructose, total reducing sugar and glucose 
by whole ‘homogenates’ of human full-term placenta 


Total 
Experiment Substrate Fructose reducing sugar Glucose 
| None 3-342-5 48-54 3-7 
Fructose 6-phosphate 31-7453 114-5419 — 
2 Glucose 6-phosphate 63 + 23 269 + 88 149+ 82 
Fructose 6-phosphate 73421 240+77 114414 


The values] are the mean of duplicates + the s.p. and are given in pmole/g protein per 2 hr. 
8 pmoles of fructose 6-phosphate or glucose 6-phosphate were added as indicated. 


300-- 


Glucose and fructose production (umole/g protein .2 hr) 


4 


1 2 3 
Concentration of fructose 6-phosphate (umole/ml.) 


Fig. 1. Fructose and glucose production of homogenates of human full-term placenta as a 
function of fructose 6-phosphate concentration. 


Tissues obtained from one human foetus (36 weeks gestation) were examined 
for ketose reductase activity by incubating tissue ‘homogenates’ with sorbitol 
and DPN. Kidney, liver and lung each produced fructose with or without 
sorbitol and the co-factor, but kidney made more fructose when they were 

present than when the substrate and co-factor were omitted. 
| The amount of sorbitol present in unincubated human placenta was 
measured. The average of three determinations gave 23 »mole/g protein. 
This method is not specific, so that an attempt was made to identify sorbitol 
in placental homogenates by paper chromatography. No material which 


Fructose 5 
x———x Glucose 
-* 
- 
4 
t 
- 
EFS 
100 
x 
x 
| 


102 D. D. HAGERMAN, J. ROUX AND C. A. VILLEE 


migrated at the same rate as authentic sorbitol was detected. Moreover, it 
was not possible to demonstrate a transformation of glucose to sorbitol after 
incubating placental homogenates with glucose and TPNH, the specific sub- 
strate and co-enzyme for aldose reductase. 

Consequently, the effect of the addition of fructose 6-phosphate to a ‘whole 
homogenate’ was examined. The results of these experiments are shown in 
Table 2. Glucose 6-phosphate is as effective as fructose 6-phosphate. Further- 
more, the amount of fructose and glucose produced depends upon the concen- 
tration of fructose 6-phosphate in the incubation medium (Fig. 1). The pro- 
duction of glucose is somewhat greater than that of fructose. 


TaBLe 3. Production of fructose, glucose and phosphate by ‘whole homogenates’ of human 
full-term placenta incubated with fructose 6-phosphate or glucose 6-phosphate at different pH’s 


Acetate Citrate Borate 


buffer buffer buffer 
Expt. Production of (pH 5-0) (pH 6-4) (pH 9-0) 
1 Fructose from 0 0 138-4+ 6-5 
fructose 6-phosphate | 
Glucose from 58-5414 0 66410 
fructose 6-phosphate 
2 Phosphate from 0 0 219+ 54 
fructose 6-phosphate 
3 Phosphate from 0 0 455+ 59 
glucose 6-phosphate 


In Expt. 1 the values are the mean of four determinations + the s.p. In Expts. 2 and 3 the 
values are the mean of duplicate determinations. All the results are in zmole/g protein per 2 hr 
incubation for glucose and fructose production and per 15 min incubation for phosphate pro- 
duction. 8 «moles of fructose 6-phosphate or glucose 6-phosphate were added to each flask as 
indicated. 

In an attempt to differentiate between specific and non-specific esterases, 

“whole homogenates’ were incubated at three different pH’s (6-4, 5-0 and 9-0), 
with fructose 6-phosphate as the substrate. The results (Table 3) show that 
the placenta contains an active alkaline phosphatase which splits both glucose 
6-phosphate and fructose 6-phosphate. 


DISCUSSION | 

These experiments show clearly that ‘homogenized’ human full-term placenta 
produces both fructose and glucose when incubated without substrate, and 
that the amount produced is increased by the addition of fructose 6-phosphate, 
glucose 6-phosphate, or sorbitol and DPN to the incubation medium. They thus 
confirm previous experiments (Hagerman & Villee, 1952) in which it was shown 
that slices of human placenta, where the cell membranes are presumably 
intact, produce fructose when incubated in vitro. This activity of the placenta 
provides an adequate explanation for the presence of fructose in human foetal 
blood in amounts greater than that in maternal blood. 
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More detailed consideration of the mechanism of this placental secretion of 
fructose is now possible. Three enzymic systems might be postulated: first, 
by a combination of the enzymes aldose reductase and ketose reductase, 
glucose might be converted into fructose without the intervention of phos- 
phorylated sugars as intermediates. It is clear from the experimental results 
that the placenta possesses an enzyme system capable of the second reaction 
in this series, the conversion of sorbitol to fructose. However, it was not 
possible to demonstrate either the presence of sorbitol in the placenta or an 
enzyme system capable of converting glucose to sorbitol. This possibility is 
therefore excluded. Secondly, the placenta might contain a specific fructose 
6-phosphatase. No evidence whatsoever for the existence of this enzyme in 
human full-term placenta was obtained. Thirdly, fructose production in both 
the slices and homogenates might be the result of the action of a non-specific 
phosphatase. Such enzymes have been repeatedly demonstrated to be present 
in placenta, mostly by histochemical techniques. For example, McKay, Hertig, 
Adams & Richardson (1958) describe the full-term placenta as containing large 
amounts of alkaline phosphatase concentrated in the syncytial layer of the 
villi, In our experiments, both glucose and fructose are readily produced when 
either fructose 6-phosphate or glucose 6-phosphate is incubated with placenta 
at an alkaline pH. It is reasonable to conclude that this sugar production is 
due to the same non-specific enzyme that can be demonstrated histochemically, 
an enzyme whose true function in the cell is unknown. The fact that both 
substrates produce glucose and fructose implies that the placenta contains an 
active phosphohexose isomerasé. The amount of fructose produced is a function 
of the concentration of fructose 6-phosphate. That the production of glucose 
consistently exceeded the production of fructose can probably be attributed 
to the equilibrium position of phosphohexose isomerase, which favours glucose 
6-phosphate formation. 

SUMMARY 

1. ‘Whole homogenates’ of human full-term placenta produce fructose 
when incubated in vitro with fructose 6-phosphate, glucose 6-phosphate, or 
sorbitol and diphosphopyridine nucleotide. 

2. Human placenta contains a ketose reductase but does not contain an 
aldose reductase or significant amounts of sorbitol, so that the production of 
fructose observed in slice preparations cannot be explained on the basis of a 


combination of the action of these two enzymes. 


3. No evidence could be obtained for the presence in placenta of a specific 
fructose 6-phosphatase. 

4. It is concluded that the production of fructose by human term placenta 
is the result of the action of a non-specific alkaline phosphatase. 


We are indebted to Eli Lilly and Company for a generous supply of their glucose oxidase 
reagent, One of us (J.R.) was supported by a Bourse en Médecine et Biologie, Bale, Switzerland. 
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DEPLETION OF PITUITARY CORTICOTROPHIN BY VARIOUS 
STRESSES AND BY NEUROHYPOPHYSIAL PREPARATIONS 


By G. J. ROCHEFORT, J. ROSENBERGER* anv M. SAFFRAN 
From the Allan Memorial Institute of Psychiatry, McGill University, 
Ontreal, Canada 


(Received 20 October 1958) 


A peptide material, isolated from neurohypophysial tissue, was found to 
promote significantly the release of corticotrophin from isolated rat anterior 
pituitary glands im vitro, when added in millimicrogram amounts (Schally, 
Saffran & Zimmermann, 1958). This preparation, termed corticotrophin- 
releasing factor, or CRF, has several of the characteristics expected of the 
substance postulated as the mediator of the release of corticotrophin in the 
response to stress, but its importance awaits testing in systems more physio- 
logical than the isolated pituitary gland. Ideally, the material should be 
tested in an animal rendered unresponsive to stress by the removal of the 
supposed source of the mediator, namely, a centre in the hypothalamus. How- 
ever, objections have been raised against the use of animals with hypothalamic 
lesions on the grounds that such lesions may interfere with the blood supply to 
the adenohypophysis, resulting in an abnormal target tissue for the substance 
being tested (Zuckerman, 1952). Alternatively, the pituitary response to 
stress may be blocked by the use of drugs such as morphine (Briggs & Munson, 
1955), or with steroids (Sayers & Sayers, 1947; Porter & Jones, 1956), but the 
effect of these blockading substances on the response of the pituitary to its 
physiological stimulator is unknown, and may give rise to misleading observa- 
tions. Until a more foolproof technique is developed for a specific test system, 
valuable information may be obtained by the use of operated and drug-treated 
animals and even of intact animals, provided that the limitations of each test 
system are not forgotten in interpreting the results. 

In the in vitro test for CRF the corticotrophin released from the pituitary 
gland into the medium is assayed directly. In a suitable in vivo system the 
ideal index of activity would be the release of corticotrophin into the venous 
outflow from the pituitary gland. Unfortunately such measurements have 
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not been made to date. An alternative method is the assay of corticotrophin 
in the peripheral blood. This has been attempted and has yielded useful 
information, but the technique only detects corticotrophin under conditions 
of maximum release from the gland (Sydnor & Sayers, 1954). An easier, but 
more indirect, index of the release of corticotrophin is the measurement of the 
residual hormone in the pituitary gland (Gemzell & Heijkenskjéld, 1957). 
This corticotrophin represents the balance between the release from the gland 


and the resynthesis. Under conditions of acute stress, however, the rate of 


release may initially exceed the rate of resynthesis, and the fall in the pituitary 
stores may therefore serve as an indicator of the effects of the stress on the test 
animal. 

The effects of various stimuli on the corticotrophin in the pituitary of the 
rat have been studied by a number of authors (Sayers & Cheng, 1949; Gem- 
zell, van Dyke, Tobias & Evans, 1951). In general, a strong stress resulted in a 
fall of about 30-50%, in the hormone in the gland, with a restoration to normal 
or even supranormal values afterwards, sometimes in the face of the continued 
application of the stress. The significant corticotrophin activity in the pos- 
terior lobe of the pituitary was also depleted by stress, but only when a so- 
called ‘neurogenic’ stimulus, such as sound, was applied (Mialhe-Voloss, 1958). 
On the other hand, ‘systemic’ stimuli, represented by histamine, provoked a 
fall in the anterior lobe only | 

The present paper describes the changes in corticotrophin in the anterior 
and posterior lobes of the rat pituitary gland after exposure to loud sound, 
the administration of histamine, exposure to cold and the administration of 
posterior pituitary preparations, including CRF. 


METHODS 


Male rata, weighing 180-220 g, descendants of the Sprague-Dawley strain, were obtained from 
Canadian Breeding Laboratories. Three animals were used in each treatment group. The pooled 
lobes of the pituitary glands of each group were extracted and assayed by methods developed in 
our laboratory (Birmingham, Kurlents, Rochefort, Saffran & Schally, 1956; Saffran & Schally, 
1955). The corticotrophin in the extracts was assayed against the second U.S.P. standard prepara- 
tion, or against an extract of pituitaries of the appropriate control rats, which was considered as 
having a value of 100%. Adrenal ascorbic acid was measured as described by Sayers, Sayers & 
Woodbury (1948). 

The sound stimulus was imposed by the continuous ringing of a loud electric bell suspended 
over the cage. Histamine was administered in a dose of 1 mg/100 g body weight to rats accustomed 
to intraperitoneal injection by twice daily blank injections for 5 days before treatment. 

For the cold stress, the rats were kept in a cold room at 7° C. 

The CRF preparations were purified from posterior pituitary extracts by Dr A. V. Schally 
(Schally et al. 1958). The ‘standard’ preparation was obtained at the second m-cresol stage in the 
paper chromatographic purification procedure and was concentrated about 170 times over the 
starting extract. The ‘purified’ preparation was obtained at the final propanol stage and was con- 
centrated about 5000 fold. These materials were diluted with 0-5% acetic acid for injection. 


Pitressin is the Parke, Davis preparation of vasopressin, with an activity of 40 pressor u./mg 
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peptide material, It was, like the other preparations, also diluted with 0-5% acetic acid. Syn- 
thetic arginine vasopressin, with a potency of about 395 u./mg, was a gift from Professor V. 
du Vigneaud, 


The cortisol was a commercial crystalline suspension in saline:propylene glycol, and was in- 
jected intraperitoneally in a dose of 6 mg/100 g. 

Intravenous injections were made either into an exposed femoral vein in pentobarbitone- 
urethane anaesthesia or into a lateral leg vein under pentobarbitone anaesthesia (Pearce, 1956). 

The concentration of peptide material was determined by the Folin-phenol reagent (Lowry, 
Rosebrough, Farr & Randall, 1951). 


RESULTS 


Sound. After 5 min of exposure to sound, the corticotrophin in the 
posterior lobe had begun to fall, and at 30 min it reached a level significantly 
below the starting level (Fig. 1). The concentration of corticotrophin returned 
to starting level in 2 hr in spite of continued exposure to sound. In the an- 
terior lobe, sound caused a fall in corticotrophin only after 30 min, and unlike 
the posterior lobe the minimum was at 60 min. After exposure to sound for 
2 hr the hormone in the anterior lobe was at or near the starting value. 


Anterior lobe 


8 


Corticotrophin (m-u./mg) 


0 30 60 90 120 
Time (min) 
Fig. 1. Changes in corticotrophin during exposure to the sound of a bell. Two separate experi- 
ments are illustrated. The points accompanied by an asterisk in this and subsequent figures 
are significantly different from the value at zero time. 


Histamine. Except for an insignificant rise at 30 min after the injection of 
histamine, there was no change in the corticotrophin content of the posterior 
lobe. On the other hand, a sharp fall occurred in the anterior lobe, with the 
lowest value at 30 min. Then there was a return towards control figures 
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(Fig. 2). In the same rats the time course of the changes in adrenal ascorbic 
acid resembled those in anterior lobe corticotrophin (Fig. 3). 
Cold. Exposure to 7° C resulted in a slow fall in the corticotrophic activity 
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Fig. 2. Changes in corticotrophin following the administration of histamine. The vertical lines 
with horizontal caps represent the 95%, fiducial limits in this and subsequent figures. 
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Fig. 3. Changes in adrenal ascorbic acid following the administration of histamine. 
of both lobes of the pituitary gland (Fig. 4), but only the level at 120 min in 
the anterior lobe was significantly below the control value. 
CRF. The intravenous administration of doses of 1 yg of ‘standard’ CRF 
via a superficial leg vein was followed by a sharp fall in the corticotrophic 
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180 


160 ad 
Anterior lobe 


0 30 60 90 120 
Time (min) 
Fig. 4. Changes in corticotrophin during exposure to cold. ~ 
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Fig. 5. Changes in corticotrophin after administration of the corticotrophin-releasing factor 


(CRF). The content of corticotrophin is expressed here as percentage of the value at zero 
| time. The scales for the anterior and posterior lobes correspond in relative magnitude to the 
é 5 amounts of corticotrophin usually found in the two lobes, to facilitate visual comparison 
with the previous figures. 
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content of the anterior lobe at 30 min. The content continued to decrease and 
reached a level of 50% of the control in 120 min. In the posterior lobe there 
was a sudden sharp fall to 50% of control at 60 min with normal values again 
at 120 min (Fig. 5). The changes in adrenal ascorbic acid in these animals were 
remarkably similar to those of the corticotrophin content of the anterior lobe 
(Fig. 6). 

In subsequent experiments with CRF and vasopressin, the rats were killed 
60 min after the administration of the material. 


00 mg) 


Adrenal ascorbic acid (yg/1 


be 


Time (min) | 
Fig. 6. Changes in adrenal ascorbic acid following the administration of CRF. 


Tasxe 1. Effect of intraperitoneal administration of CRF and Pitressin on anterior 


pituitary corticotrophin 

Corticotrophin content No. of 
Material injected Dose (m-u./mg) (95% limits) . expts. 
Vehicle 156 (142-172) 6 
Pitressin 80 m-u. 150 (86-263) 1 
Pitressin 200 m-u. 119 (99-143) 2 
CRF, ‘standard’ 4-20 pg 85 (76-95) 5 
CRF, ‘purified’ Ld pg 87 (80-95) 4 


Comparison of CRF and vasopressin. The intraperitoneal injection of 4-20 pg 
of the standard CRF or of 1-5 yg of the purified material resulted in a fall of 
‘ 50% in the corticotrophin activity of the anterior lobe (Table 1). Vasopressin 
in a dose of 80 m-u, (2 wg peptide material) had no effect on the corticotrophin, 
while doses of 200 m-u. (5 4g) did cause a detectable decrease. The adrenal 
ascorbic acid values after CRF (318 + 28) and after 200 m-u. Pitressin (369 + 27) 
were significantly less than after the vehicle (498 + 19). These doses of Pitressin 
were approximately equivalent in pressor activity to the standard CRF. 

The stress of exposing the femoral vein resulted in levels of corticotrophin 


of about one half those found in intact rats. The injection of 2 pg of 


standard CRF into the vein caused a further fall to about one-sixth the 


usual control levels (Table 2). In rats pre-treated with cortisol, the injection 


procedure did not decrease the levels of corticotrophin in the anterior lobe. 
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One or two micrograms of ‘standard’ CRF resulted in distinct decreases in 
corticotrophin, whereas 100 m-u. (2-5 ug) of Pitressin was without effect 
(Table 2). ‘Standard’ CRF, given via a superficial vein to animals not pre- 
treated with cortisol, caused decreases in corticotrophin after doses of 0-05 
and 0-1 wg (Table 2); only the decrease after 0-1 pg was significant. 


TasBie 2. Effect of intravenous administration of CRF and Pitressin on anterior 


‘tuit ticotrophi 
Treatment (m-u./mg) (95% limits) 
Femoral vein Vehicle 86 (50-151) 
CRF, ‘standard’ 2 ug 23 (15-35) 
Femoral vein Cortisol, vehicle 172 (132-224) 
Cortisol, Pitressin 100 m-u. 174 (137-224) 
Cortisol, CRF ‘standard’, 1 pg 132 (98-188) 
Cortisol, CRF ‘standard’, 2 ug 104 (87-120) 
Marginal vein Vehicle 184 (141-239) 
‘standard’, 0-05 yg 145 (116-181) 
CRF ‘standard’, 0-10 ug 100 (83-120) 


Tass 3. Effect of intravenous administration of synthetic arginine vasopressin on 


Corticotrophin c A 
r + Left Right 
Dose (yg) Anterior lobe Posterior lobe adrenal adrenal 
(% control) (95% limits) (ug/100 mg +8.B.) 
0 100 100 455 467 
100 100 462 457 
Mean 100 100 46043 
0-01 89 (68-117) 502 524 
110 (93-130) 532 523 
95 (71-126) 444 457 
Mean 98 (86-113) 97(84—112) 497 +15 
0-1 110 (88-183) 560 548 
110 (77-130) 407 420 
104 (90-120) 480 494 
Mean 105 (95-112) 96 (79-116) 485 + 26 


The anterior lobe of each rat was assayed separately for corticotrophin, while the posterior 
lobes of the three rats in each treatment group were pooled for assay. The means for the treatment 
groups are in italics. 


Synthetic arginine vasopressin was given via the superficial vein to anaes- 
thetized rats in doses of 0-01 and 0-1 ng (approximately 4 and 40 m-u.) 
without detectable change in pituitary corticotrophin (Table 3). These doses 
of synthetic vasopressin were without effect on the adrenal ascorbic acid 
(Table 3). Table 3 serves to indicate the relatively small range of variation 
encountered under approximately similar conditions. A dose of 1 wg (400 m-u.) 
of vasopressin caused respiratory difficulties and was invariably fatal in the 
anaesthetized rats. A similar dose of the standard CRF also caused momentary 
respiratory difficulties in such rats, but the animals usually survived. 


pituitary corticotrophin and adrenal ascorbic acid 
Ascorbic acid 
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DISCUSSION 


Our results confirm the important observation by Mialhe-Voloss (1958) that 
a sound stimulus depresses the corticotrophin stores in the posterior lobe of the 
pituitary, but histamine does not. Contrary to the report of Mialhe-Voloss, 
sound stress did evoke a depletion of anterior lobe corticotrophin; however, 
the maximum decrease occurred later than that in the posterior lobe.The 
differential effect of different forms of stress on the two lobes of the pituitary 
supports the thesis of Fortier (1951) that two categories of stressors exist: 
neurotropic stimuli, such as sound, which impinge on the pituitary-adrenal 
axis solely via nervous pathways, and systemic stimuli, such as histamine, 
which are stressors by virtue of causing alteration in tissue chemistry and 
metabolism. The separation into two categories is not meant to imply that 
there is no overlap and that a systemic stressor may not have a neurotropic 
component as well. In this paper exposure to cold was chosen as a stimulus 
with the properties of both categories of agents. Cold produced signs of 
depletion of corticotrophin in both lobes, but without the sharp falls that 
followed sound or histamine. 

The origin of the corticotrophin in the posterior lobe is unknown. It may 
arise by binding of the hormone by the neurohypophysis, just as the neuro- 
hypophysis binds the hormones of the thyroid (Michel, 1956). A suggestion 
of this phenomenon may be seen in Fig. 2, in which there is an apparent rise 
in the corticotrophin in the posterior lobe at the time of the greatest depletion 
in the anterior lobe, that is, when the blood level of the hormone was pre- 
sumably highest. Whatever the origin, the prompt depletion of corticotrophin 
in a nervous tissue by a neurotropic stress suggests that the release may result 
from a direct nervous stimulus without the intervention of a chemical media- 
tor. On the other hand, stressors that alter tissue chemistry and metabolism 
may act via a humoral mechanism that by-passes the corticotrophin in the 
posterior lobe and only affects that in the anterior lobe. In this connexion it 
may be pointed out that the original division of stressors into the two cate- 
gories was based partly on the observation that only the systemic stressors 
called forth signs of corticotrophin release from transplanted hypophysial 
tissue, in which only the anterior lobe tissue was viable (Fortier, 1951). Destruc- 
tion of hypothalamic centres severs nervous connexions to the posterior lobe, 
and so may prevent the response to a neurotropic stress, but only more ex- 
tensive lesions, which interfere with the blood supply to the adenohypophysis, 
may prevent response to systemic stresses, thus accounting for some of the 
different effects of hypothalamic lesions on various stresses (Fortier, Harris 
& McDonald, 1957). In studies utilizing an adrenal (ascorbic acid depletion) 
or @ peripheral (lymphopenic) index of the release of corticotrophin, the 
source of the corticotrophin is ignored. For example, McCann, Fruit & Fulford 
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(1958) stated that, ‘since these rats with hypothalamic lesions which blocked 
the acute release of ACTH in response to stress respond to chronic stress, the 
denervated pituitary is pictured as producing a decreased basal secretion of 
ACTH. . .the denervated pituitary is insensitive to acute stress stimuli but 
is still capable of responding sluggishly to chronic stress. ..’. An alternative 
explanation is that the acute stress (e.g. electric shock) is neurotropic and hence 
fails to release corticotrophin from a denervated neurohypophysis, but more 
chronic stresses affect metabolic processes and stimulate the release from the 
functional adenohypophysis. Only the simultaneous determination of the 
corticotrophin released into the blood and the remaining stores in both lobes 
of the pituitary gland would reveal the source as well as the extent of the 
pituitary response to stress. Whe 

If CRF is a physiological mediator in the release of corticotrophin, one would 
expect it to act mainly, if not solely, on the corticotrophin in the anterior lobe. 
According to Fig. 5, this seems to be the case. Only at 60 min was there a 
sudden sharp drop in the corticotrophin in the posterior lobe, whereas the fall 
in the anterior lobe was relatively prompt and sustained. CRF induced 
changes in the anterior lobe corticotrophin which combined the sharp decrease 
after histamine with the long-lasting effect of cold. Unfortunately, only 
one dose of CRF was tested at several time intervals, and the effect of 
smaller amounts on the duration of the decrease in corticotrophin was not 
ascertained. 

The data in Table 2 yield some information on the sensitivity of the pituitary 
to CRF and on the effects of treatment with cortisol. Fig. 7 depicts crude 
dose-response curves of the effect of CRF with and without pre-treatment with 
cortisol, and suggests that cortisol decreases the sensitivity of the pituitary 
to CRF. The rats not treated with cortisol received the CRF in a superficial 
vein, but the cortisol-treated rats were given CRF into an exposed femoral 
vein. The comparison of these two groups is probably valid in spite of the 
difference in procedure, because the control values were similar. While adreno- 
cortical steroids may mute the response to stress by an inhibitory effect on the. 
release of a hypothalamic agent (Schapiro, Marmorston & Sobel, 1958), an 
action directly on the pituitary is also possible, as was suggested by McCann 
et al. (1958). Another interpretation of Fig. 7 is that the CRF preparation 
does not act directly on the anterior lobe in the intact rat, but is itself a non- 
specific stressor. The inhibition of the hypothalamic centre by cortisol would 
also raise the threshold toward CRF, as it would to any other stress. This, of 
course, is an inherent danger in the interpretation of results of experiments on 
intact animals, and the suggestions put forth by the evidence in this paper are 
best thought of as guides to future work with more specific methods. _ 

A strong case for the involvement of vasopressin in the pituitary-adrenal 


response to stress has been made by many authors (see review by Sayers, 
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Redgate & Royce, 1958). In our hands vasopressin, either the commercial 
form or the synthetic material, was not an efficient corticotrophin-depleting 
agent. But such experiments do not rule out the possibility that vasopressin 
may stimulate the synthesis and release of corticotrophin equally, resulting 
in no net change in the pituitary content. However, synthetic vasopressin 
failed to deplete the adrenal ascorbic acid, whereas CRF, and the commercia] 
vasopressin, diddoso. While vasopressin has corticotrophin-releasing activity, 
both in vivo (Martini & de Poli, 1956; McCann, 1957; McCann & Fruit, 1957) 
and in vitro (Saffran, 1959), the sensitivity of the pituitary seems to be lower 
than to CRF. 


No cortisol T With cortisol 
T 
3s 
| 
L i 
0-01 0-1 10 10 
Dose of CRF (yg) 


1 hr after the injection of different doses of CRF. Semilog. scale. 


The specificity of the in vitro bioassay for corticotrophin has been questioned 
(Roberts, 1957). However, very similar relative changes in anterior lobe 
corticotrophin after stress have been found by other authors using the adrenal 
ascorbic acid assay. Gemzell (1952) reported a 30% decrease 1 hr after 
epinephrine; Sayers, Merkin & Tortoreto (1948), a 30% decrease after hista- 
mine; and Sayers & Cheng (1949), a 35% fall 1 hr after scalding. But a 
serious discrepancy between the two methods of bioassay exists in the absolute 
values of corticotrophin in the rat pituitary, with the in vitro assay yielding 
figures ten times as high as the in vivo assay (Birmingham et al. 1956). This 
difference is not as apparent in pituitaries of other species, and may be a 
peculiar property of rat corticotrophin. Thus far the corticotrophic activity 
in the rat pituitary has exhibited the same properties with regard to extrac- 
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tion, adsorption on oxycellulose and sensitivity to various reagents as the 
U.S.P. standard corticotrophin prepared from hog glands. 

In the absence of a convenient method to measure corticotrophic activity in 
blood leaving the pituitary, the acute fall in the corticotrophin content of the 
gland may be used as an index of activation of the release of corticotrophin. 
The use of this index would facilitate the identification of the physiological 
mediator of the release of corticotrophin for, with a few reservations on per- 
meability and speed of inactivation, the actual substance should be the most 
potent material and show activity in the smallest doses. This test has already 
favoured CRF over vasopressin. 


SUMMARY 


1. Continuous ringing of a loud bell resulted in a prompt fall (to minimum at 
30 min) in the corticotrophin of the posterior lobe of the pituitary gland of the 
rat, and a delayed fall (to minimum at 60 min) in that of the anterior lobe. The 
values at 120 min in both lobes were at or near control levels in spite of con- 
tinued exposure to the sound. 

2. The intraperitoneal injection of histamine caused a prompt fall (to mini- 
mum at 30 min) in the corticotrophin of the anterior lobe, without significant 
change in that of the posterior lobe. 

3. Continuous exposure of rats to cold (7° C) resulted in a slow fall in the 
corticotrophic activity of both lobes of the pituitary gland, but only the level 
at 120 min in the anterior lobe was significantly below the control. 

4. These observations support the concept of the classification of stimuli 
of the release of corticotrophin into ‘neurogenic’ and ‘systemic’ stressors. 

5. The intravenous administration of preparations of the ‘corticotrophin- 
releasing factor’ (CRF, a peptide material concentrated from posterior 
pituitary extracts) was followed by a prompt and sustained fall in the cortico- 
trophin of the anterior lobe, accompanied only by a momentary dip at 60 min 
in that of the posterior lobe. 

6. Commercial and synthetic preparations of vasopressin were less effective 
than CRF, on either a weight or pressor-activity basis, in causing a fall in 
the corticotrophin stores of the anterior lobe, thus favouring CRF over 
vasopressin as a candidate for the role of the physiological corticotrophin- 
releasing substance. 

7. The prior administration of cortisol apparently decreased the sensitivity 
of the anterior pituitary to CRF. 
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Foundation to G.J.R. Support was also obtained from a Federal-Provincial Mental Health 
Grant, No. 604-5-425, from a grant by the Foundations’ Fund for Research in Psychiatry, both to 
Dr R. A. Cleghorn, and from N. V. Organon, Oss, Holland, and Canada Packers, Limited, Toronto. 
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EFFECT OF NITRATE AND OTHER ANIONS ON THE MEM- 
BRANE RESISTANCE OF FROG SKELETAL MUSCLE 


By 0. F. HUTTER ann 8. M. PADSHA 
From the Department of Physiology, University College London 
(Recewed 22 October 1958) 


Early work on the action of ions on skeletal muscle dealt mainly with the 
effects of changes in the cation content of the extracellular fluid, but some 
experiments indicating that the nature of the anions present may also be of 
importance were made long ago under the influence of Héber’s (1904, 1945) 
colloidal theory of salt action. Thus Lillie (1910) found that the stimulating 
action of chemical agents is increased by treatment of a muscle with certain 
anions, the order of relative sensitizing action being Cl < Br < NO, < I < 
SCN, and Chao (1935) showed that the anions of this series increase the elec- 
trical excitability of muscle. 

More recently, Kahn & Sandow (1950) discovered that replacement of the 
chloride ions normally present in the extracellular fluid by Br, NO, or I 
increases the twitch tension of muscle. An analysis of this phenomenon by 
Ritchie (1954) and Hill & Macpherson (1954) has shown that it is due to a 
prolongation in the time course of the active state of muscular contraction, 
most probably through an action of the foreign anions on the excitable mem- 
brane of the muscle fibres. 

In this paper results are described of experiments in which the effects of 
nitrate and other foreign anions on the membrane resistance of frog muscle 
fibres was studied. It will be shown that replacement of chloride by foreign 
anions increases the membrane resistance and that the changes in muscle 
excitability and contractility are probably causally related to the effect. The 
magnitude of the resistance change observed indicates that a large proportion 
of the current flowing through the resting muscle membrane may be carried 
by chloride ions. Some of the results have already been demonstrated and 
briefly reported (Hutter & Padsha, 1956; Padsha, 1957). 


METHODS 


Sartorius muscles of frogs weighing 15-20 g were used at all seasons of the year at room tempera - 
tures of 16~-23° C. 
Experiments with extracellular electrodes. In most experiments a weak rectangular current pulse 
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of 700 msec duration was passed through a sartorius muscle between two ‘non-polarizable’ 
electrodes about 1 cm apart on its surface. Schaefer, Schélmerich & Haass (1938) and Katz (1942) 
have shown that under these conditions the potential difference between the two electrodes 
develops in two steps: (i) an instantareously developing and decaying potential due to the resis- 
tance of the extracellular and intracellular fluid, (ii) a potential which builds up relatively slowly 
at a rate dependent on membrane capacity and resistance; this has often been called the electro- 
tonic potential, its final steady value being determined by the electrotonic resistance. By making 
use of a Wheatstone-bridge circuit the instantaneous potential may be balanced and the time 
course of the electrotonic potential at the make and break of the current recorded (Katz, 1942). 

The measurements usually taken were: (i) the amplitude of the electrotonic potential at the 
end of the current pulse, (ii) the half-decay time of the electrotonic potential. If the current is 
weak and the distance between. the electrodes is large compared with the space constant of the 
muscle, the electrotonic potentials eventually established at the anode and cathode will be equal 


Fig. 1. Circuit used for cording electrotonic potentials of muscle with two extracellular electrod 
M, sartorius muscle and electrode assembly; D, dummy electrodes and moist cotton wick. 
R, and R, 47 kM; R, 22 kQ; R, variable decade resistance 0 to 100 kM. P, rectangular 
pulse generator; R, 47 MQ, R, 22 kQ. 


in value, and opposite in sign. The potential difference between the electrodes will then be twice 
the potential between either electrode and a distant point on the muscle, and, on the assumption 
that the muscle behaves as a uniform cable, it will be given by 


Tat 
Val 

(cf. Hodgkin & Rushton (1946) equation 6.1), where V is the steady state electrotonic potential 
between the electrodes, J is the total current flowing through the muscle and extracellular fluid, 
T 18 the resistance times unit length of the surface membrane and r, and r, are respectively the 
resistance per unit length of the extracellular and intracellular fluid. It follows that V* and the 
square of the electrotonic resistance, (V/J)*, should be directly proportional to the membrane 
resistance if all other resistances and the polarizing current remain constant. The time course 
of the electrotonic potential at a polarizing electrode is a function of the membrane time constant, 
which is the product of membrane resistance and membrane capacity. A change in the membrane 
resistance should therefore produce a proportional change in the half-decay time of the electro- 
tonic potential if the membrane capacity remains constant. 

The circuit used is illustrated in Fig. 1. The muscle and the decade variable resistance, R,, 
were in the same arm of the bridge and the bridge was adjusted to give zero output during the 
steady flow of current through the muscle. As the electrotonic resistance of the muscle was small, 
(500 to 1000 Q) compared with the resistance of the arms of the bridge the total current through 
the muscle and extracellular fluid remained substantially constant. To minimize changes in the 
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amount of extracellular fluid adhering to the muscle, the muscle was mounted vertically in a 
chamber and electrotonic potentials were recorded exactly three minutes after withdrawal of the 
bathing solution, The electrodes were fine balsa wood sticks connected through glass tubes filled 
with agar-Ringer to two chambers holding large chlorided silver plates. Dummy electrodes and 
a cotton wick soaked in Ringer’s solution were inserted into the opposite arm of the bridge circuit 
in order to balance any potential due to electrode polarization. The recording system was cali- 
brated by unbalancing the bridge by varying the setting of R,. The current pulses flowing through 
the bridge were less than one-fifth of the threshold current for excitation of the muscle. In a 
control experiment the amplitude of the electrotonic potential varied directly as the current 
between 1 and 3x 10~’ A, the half-decay time remaining constant. 

Experiments with intracellular electrodes. Two micro-electrodes were introduced into the same 
fibre, one to pass current through the membrane, the other to record the membrane potential 
(cf. Fatt & Katz, 1951). In most experiments the current source was an electronic stimulator 
giving rectangular current pulses; the current was then monitored on one of the beams of the 
oscilloscope, Sometimes a battery was used to change the membrane potential in a gradual 
manner; in that case the voltage—current relation was recorded directly on the oscilloscope tube 
face as was recently done by Furshpan & Potter (1958). The muscles lay horizontally and were viewed 
with a binocular dissecting microscope at 80 x magnification. The capacity of the muscle 
chamber was 25 ml. and the fluid could be exchanged at a rate of 17 ml./min. 

When an intracellular electrode is used to pass current through the membrane, the resistance 


at. the polarizing electrode (V,) becomes 


= (Tt) 


(cf. Fatt & Katz (1951) equation 2), where J,, is the current passing through the micro-electrode. 


recording electrode will be given by 
V, = View 


where the space constant A equals ,/(r,,/r;). Changes in the membrane resistance can thus be 
estimated (i) by measuring the ‘effective resistance’ (V,/J,,) between the internal electrode and 
the outside of the fibre, (ii) by determining A from records taken at different interelectrode 
distances, and (iii) from the time course of the potential change, as in the experiments with 
extracellular electrodes. 

Solutions. The composition of the chloride-Ringer’s solution was (mm) NaCl 111-2, KCl 2-6, 
CaCl, 1-8, NaHCO, 2-2. Br-, NO,-, I- and SCN--Ringer solutions were made by replacing NaCl 
by the appropriate Na salt. The electrical conductivity of these solutions was always checked. 
When desired, chloride-Ringer was mixed with one of the other solutions in different pro- 
portions, for example 75 % nitrate-Ringer wasa mixture of 75 parts nitrate- and 25 parts chloride- 
Ringer. Choline chloride-Ringer’s solution contained: (mm) choline chloride 111-2, CaCl, 1:8, 
KHCO, 2-2, KCl 0-4 and 1 x 10-5 tubocurarine chloride. Choline nitrate was prepared from choline 
chloride and AgNO,, the final solution containing 9 parts nitrate to one part chloride. When end- 
plate potentials were recorded, all solutions contained 5 10-* tubocurarine. 


RESULTS 


The experiments to be described arose from the observation that replacement 
of chloride in Ringer’s solution by nitrate may produce partial restoration of 
neuromuscular transmission in nerve—muscle preparations blocked with tubo- 
curarine. This effect was found to be due to an increase in the amplitude of 
the end-plate potential which was associated with a marked slowing in its 
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decay. A possible explanation was that replacement of chloride by nitrate 
caused an increase in the muscle membrane resistance, and the experiments 
were therefore continued with methods that did not employ the neuromuscular 
apparatus as a means of displacing charge at the muscle membrane. 


Experiments with extracellular electrodes 
The performance of the Wheatstone-bridge circuit used for recording 
electrotonic potentials is illustrated in Fig. 2A. Records a and d were obtained 
by replacing the muscle with a moist cotton wick of similar resistance. In 
record a the bridge was out of balance by 1 kQ to show the characteristics of 


A B 


Fig. 2. Electrotonic potentials of muscle recorded with extracellular electrodes. A, records of the 
bridge output under different conditions described in the text. B and C, the effect of replace- 
ment of chloride by nitrate. In C only the decay of the electrotonic potential is shown. 

_ In A and B the sweep was compressed for about 600 msec during the passage of the polarizing 
current pulse. Time signals: 100/sec. 


the current pulse. In record d the bridge was balanced as accurately as possible ; 
there was a small electrode polarization but it did not exceed 20 Q and was 
barely visible at the amplification at which the photograph was taken. The 
middle traces, b and c, were taken with a muscle in the circuit and show the 
rise and decay of the electrotonic potential. In record b the bridge was balanced 
at the beginning of the current pulse. In record c the bridge output was 
adjusted to zero potential just before the end of the current pulse by sub- 
tracting 900 Q from R, (Fig. 1). The difference between the two positions of 
R, thus gives the electrotonic resistance of the muscle. 

An experiment in which the effect of nitrate was tested is illustrated 
in Fig. 2B. The top trace shows the electrotonic potential 3 min after 
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withdrawal of chloride-Ringer; the muscle was then treated for 10 min with 
nitrate-Ringer and the lower trace taken 3 min after withdrawal of that 
solution. The greater height and slower time course of the electrotonic potential 
is clearly seen. In Fig. 2C the procedure usually adopted is illustrated. Only 
the falling phase of the potential towards the base line is recorded, the bridge 
input being adjusted to zero potential just before the end of the current pulse. 
Details of this experiment are given in Table 1. It is noteworthy that the 


TaBxE 1. Effect of replacement of chloride by nitrate on the electrotonic potential 


Electrotonic 
resistance Half-decay time 
Test solution (Q) (msec) 
Chloride- Ringer 625 
Nitrate-Ri 870 10-5 
Ratio: nitrate/chloride 1-39 1-94 


half-time increased approximately as the square of the electrotonic resistance. 
This relation was usually observed when care was taken to keep the short- 
circuiting effect of the extracellular fluid as constant as possible; it indicates 
that the membrane capacity has remained constant. 
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Fig. 3. Effect of nitrate and of iodide on the time course of the electrotonic potential. Abscissae: 
half-decay time of the electrotonic potential of different muscles in chloride-Ringer. Ordinates: 
corresponding half-time after replacement of chloride by A, nitrate, B, iodide. The average. 
slope and its s.m. are given besides the regression lines. 


Considerable differences were found in the half-times of the electrotonic 
potential of different muscles in chloride-Ringer, but the muscles which showed. 
low values in chloride-Ringer usually also showed comparatively low values 
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in nitrate-Ringer and vice-versa. The relative effect of nitrate was thus fairly 
constant, and is indicated by the slope of the regression line in Fig. 3.4. 
In Fig. 3B the results of similar experiments in which chloride was replaced 
by iodide are summarized. If the half-time of the electrotonic potential may 
be taken as proportional to the membrane resistance and two exneriments 
with bromide are added to the information contained in Fig. 3 the average 
values for the relative membrane resistances in the presence of different 
anions were as follows: 
Cl: Br: NO,:1 = 1:1-5:2-0:2-3. 

The effect of different proportions of nitrate in the extracellular fluid was 

studied in seven muscles. It was found that the half-time increased approxi- 


B. Thiocyanate 


Percentage chloride replaced by foreign anion 


Fig. 4. Effect of various proportions of A, nitrate-Ringer, B and thiocyanate-Ringer on the time 
course of the electrotonic potential. Ordinates: half-decay time of electrotonic potentials. 
Abscissae: ee ee The points for individual muscles 
are joined by lines. 


mately in proportion to the concentration of nitrate (Fig. 4A). In two experi- 
ments with iodide a tendency for the concentration-effect curve to flatten at 
high concentrations was seen. In the more striking case the half-time increased 
from 4 to 10 msec on treatment with 50°% iodide-Ringer and rose to only 
11 msec on full replacement of chloride by iodide. 

Thiocyanate heads the lyotrophic series of anions, and it therefore seemed 
interesting to study its action on the muscle membrane with the present 
technique. The results from two muscles are illustrated in Fig. 4B. In one of 
these muscles as little as 10% of thiocyanate increased the membrane resistance 
by a factor of 1-7, and in both cases the concentration effect curve showed a 
maximum at about 50% thiocyanate. In three other experiments the maxi- 
mum effect was seen at 20, 25 and 75%, thiocyanate. On the average the 
maximum effect produced by thiocyanate was an increase in membrane 
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resistance by a factor of 2-4, Whether this factor is comparable with the effect 
of 100% replacement of chloride by other anions is questionable, but it is 
noteworthy that the maximum increase in membrane resistance that could 
be produced by thiocyanate-Ringer did not appreciably exceed that produced 
by 100% iodide- Ringer. 


Experiments with intracellular electrodes 
The Wheatstone-bridge technique was quite suitable for comparison of the 
effects of different anions and of different concentrations of the same anion, 


but it did not allow distinction of events at the cathode and anode, nor could 
information be obtained about the changes in the spatial spread of the potential. 


Fig. 5 Fig. 6 
Fig. 5. Effect of nitrate on the spatial spread of electrotonic potentials set up by constant hyper- 
polarizing current pulses. Intracellular recording; the distance in mm between the electrodes 
is given at the side of the traces. A, muscle in chloride-Ringer; B, muscle in nitrate- Ringer. 
V, 10 mV steps. J, current monitored across 47 kQ. C, current steps of 2x 10-* A. Time: 
0-1 sec. 
Fig. 6. Spatial distribution of the electrotonic potential in a muscle fibre. Ordinate: change in 
membrane potential on a logarithmic scale. Abscissa: distance between polarizing and 
recording electrodes. © muscle in chloride-Ringer, @ muscle in nitrate- Ringer. 


Experiments were therefore also made with intracellular electrodes. Only the 
action of nitrate was studied, for prolonged treatment with iodide-Ringer may 
cause irreversible damage (Hill & Macpherson, 1954). 

Increase in the space constant. Fig, 5 illustrates an experiment in which 
constant hyperpolarizing pulses (1-9 x 10-* A, 700 msec duration) were passed 
through one micro-electrode and the change in the membrane potential 
recorded with another micro-electrode at various interelectrode distances along 
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the fibre, first in chloride-Ringer and then in nitrate-Ringer. It may be seen 
that in nitrate-Ringer the electrotonic potential was larger and spread further 
along the fibre. In Fig. 6 the logarithm of the amplitude of the electrotonic 
potential at the end of the current pulse is plotted against the interelectrode 
distance. It may be seen that the points fall along two straight lines of 
different slope. The space constant, A, determined from the slope of each line 
(log,e/A) was 1-2 mm in chloride-Ringer and 1-8 mm in nitrate-Ringer. As 
the membrane resistance is proportional to A? this means that nitrate increased 
the membrane resistance of this fibre by a factor of 2-25. In all, three such 


Fig. 7. Continuous record of anelectrotonic potentials during exchange of chlioride- for nitrate- 
Ringer. Upper trace shows the changes in membrane potential, lower trace hyperpolarizing 
current pulses of 700 msec duration recurring at a frequency of 12/min. The film was set 
in motion at a slow speed the moment nitrate-Ringer started to flow through the muscle 
bath (volume 25 ml., rate of flow 17 ml./min). Resting potential 85 mV. Voltage calibration; 
10 mV steps. 


TaBLE 2. Effect of replacement of chloride by nitrate on the muscle space constant 


Effective resistance Space-constant 
Membrane (Qx 10°) (mm) 
Fibre (mV) Cl-Ringer NO,-Ringer Cl-Ringer NO,-Ringer 
1 70 0-33 0-54 1-4 2-3 
2 90 0-62 1-03 1-2 2-1 
3 80 0-59 0-90 1-2 18. 


- experiments were completed without obvious damage to the membrane, as 
judged by the constancy of the electrotonic potential at a given point. The 
results are summarized in Table 2, The values of the space constant in chloride 
_ are rather smaller than those given in Table 4 of Fatt & Katz (1951), but the 
high effective resistances suggest that this is because fibres of smaller diameters 
were used. 

Little change in the membrane potential was observed in the course of these 
experiments. In the experiment illustrated in Fig. 7, for instance, the effective 
resistance of a surface fibre increased by a factor of 1-56 within 2 min of 
admission of nitrate-Ringer into the muscle bath,while the membrane potential 
remained apparently constant at 85 mV. In other fibres a transient depolariza- 
tion by 2-3 mV was seen, followed by a hyperpolarization of a similar mag- 
nitude. 

Voltage—current relation in chloride- and nitrate-Ringer. Comparison of the 
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voltage—current relation of skeletal muscle fibres in different ionic environments 
may be complicated by temporal variations in the resistance of the micro- 
electrodes used to pass current and by artifacts due to local contractures 
produced by membrane depolarization. But in several fibres an apparently 
real difference between the shapes of the voltage—current relation in chloride 
and in nitrate-Ringer was found, in addition to the difference in slope to be 
expected from a change in membrane resistance. Two types of experiment 
were made. In the first, rectangular current pulses of different intensity and 
direction were passed, and the voltage-current curve plotted from measure- 
ments of the membrane potential displacement at the end of the current pulse. 
Some examples of traces obtained in such an experiment are illustrated in 
Fig. 8. It may be seen that in chloride-Ringer, outward and inward currents 
of equal intensity displaced the membrane potential to an equal extent 
(Fig. 8a-d). In nitrate-Ringer, on the other hand, the response to outward 
currents was larger and more prolonged than that produced by inward 
currents (Fig. 8e-h). In the second type of experiment inward and outward 


currents of gradually changing intensity were passed and the voltage-current 


curve plotted directly on the oscilloscope tube face. In chloride-Ringer the 
voltage—current relation was again approximately linear over the range studied 
(Fig. 9a). In nitrate-Ringer, by contrast, the relation was linear only with 
inward currents; with outward currents the slope of the curve soon tended to 
increase with increasing depolarization (Fig. 95). 

A likely explanation for this behaviour is that replacement of chloride by 
nitrate facilitates the appearance on depolarization of a subthreshold regenera- 
tive potential change (Hodgkin, 1947; Katz, 1948). A few experiments were 
therefore made in which sodium in the extracellular fluid was replaced by 
choline. It was found that under those conditions nitrate did not cause a 
progressive increase in the slope of the voltage—current curve on depolarization ; 
instead, the voltag ent curve was either substantially linear in both 
directions (Fig. 9d), or it showed a flattening on depolarization (Fig. 9/). 

In the experiments with extracellular electrodes the scalar sum of the electro- 
tonic potentials at the cathode and anode were recorded, and differences in the 
shape of the potential at the two electrodes could not be detected. The question 
therefore arises whether the non-linear behaviour of the membrane in nitrate- 
Ringer introduced an error into the measurements of relative membrane 
resistance. This possibility cannot be entirely excluded, but a comparison 
between the results obtained with extracellular electrodes and the results of 
membrane resistance measurements with hyperpolarizing currents passed 
through intracellular electrodes makes it unlikely that the error could have 
been large, Thus in twelve fibres studied with micro-electrodes nitrate increased 
the membrane resistance by a factor of 2:15+0-46; measurements with the 
Wheatstone bridge gave a factor of 2-0 + 0-12 for ten muscles. It can therefore 
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be assumed that the currents passed through the bridge were in fact so low 
that the non-linearity described above was not important. 


Fig. 8. Voltage—current relation of a muscle fibre. a—d, muscle in chloride-Ringer; e—h, muscle in 
nitrate-Ringer. In each picture the upper trace shows the changes in membrane potential, 
the lower trace the polarizing current; depolarization and outward currents recorded as 
upward deflexions. Sweep compressed for about 600 msec during each current pulse of 
700 msec duration. The hump during the period of compression in Fig. 8¢ was probably due 
to @ subthreshold regenerative potential change. Resting potential 80 mV. Calibrations 
in a: 10 mV and 3x 10-* A. Time: 100/sec. 


Local contractures in nitrate-Ringer. It is well known that local depolariza- 
tion of a muscle may produce a local contracture (Biederman, 1898; Lucas, 
1908). Such contractures are commonly seen in muscles that have been injured, 
fatigued, or narcotized; but under norma! environmental conditions they are 
not usually observed because the degree of depolarization required to produce 
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contracture is close to the threshold for the propagation of excitation (Kuffier, 
1946). In @ muscle treated with nitrate-Ringer the situation seems different: 
contractures were regularly observed during the passage of subthreshold 
depolarizing currents. In fibres with resting potentials around 90 mV con- 
tractures were usually clearly visible when the membrane potential was 
lowered by 15-20mV. But the mechanical response seemed to be related to 


Fig. 9. Photographic records of an oscilloscope spot tracing the change in the membrane potential 
(vertical deflexion) as a function of the polarizing current (horizontal deflexion). Hyper- 
polarization is shown in the lower left-hand quadrants of all pictures, depolarization in the 
upper right-hand quadrants. The polarizing currents were increased slowly in the course of 
about 10 sec. Voltage—current curves obtained from three fibres are illustrated. In a, c and e 
the principal anion was chloride; in b, d and f, nitrate. In c, d, e and f choline was substituted 
for Na in Ringer's solution. Calibration dots: current, steps of 10-* A; voltage steps of 10 mV. 


the absolute level of the membrane potential rather than to the change in the 
potential, and when the membrane potential was low (i.e. 75-85 mV) as little 
as 5-10 mV depolarization sufficed to produce local muscular activity. It 


_ seems likely that these observations are related to a phenomenon described 


to the Physiological Society by Cook, Hodgkin & Horowicz (1956). They studied 
the contracture produced when a muscle fibre was depolarized by potassium 
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and found that a smaller concentration of potassium was required to produce 
contracture when the principal anion outside the fibre was nitrate than when 
it was chloride. In the present experiments replacement of sodium by choline 
did not seem to influence the appearance of local contractures in nitrate- 
Ringer. The facilitation by nitrate of the regenerative potential change is 
therefore not directly related to the facilitation of local contractures. 

From the experimental point of view the contractures introduced a hazard 
in that one or both micro-electrodes sometimes slipped out of the fibre or caused 
damage. In the latter case a progressive increase in the slope of the current 
voltage curve similar to that illustrated in Fig. 9 6 was seen even in choline 
nitrate-Ringer, but when the depolarizing current was switched off a permanent 
depolarization remained. Increasitig the tonicity of the solution by addition 
of sucrose 440 m-mole/l. (Howarth, 1958) greatly slowed the development of 
contractures in response to long-lasting current pulses, and pulses up to about 
50 msec duration did not produce visible contractures under these conditions. 


DISCUSSION | 

The interpretation of the increase in membrane resistance observed on re- 
placement of chloride ions in the extracellular fluid by bromide, nitrate or 
iodide is greatly facilitated by the results of recent experiments with radio- 
active isotopes. Thus R, H. Adrian (quoted by Harris, 1958) has shown that 
when a muscle is loaded with *Cl the outflow of isotope is slower into nitrate- 
Ringer than ‘into chloride-Ringer, and this observation has been confirmed 
and extended by Harris (1958). In conjunction with the finding that bromide, 
nitrate and iodide do not greatly influence the movement of “K in muscle 
(Edwards, Harris & Nishie, 1957) these experiments allow the conclusion that 
the increase in membrane resistance here observed is due to a reduction in the 
anion conductance of the muscle membrane. Special interest is therefore 
attached to the fact that the membrane resistance may increase to more than 
twice its normal value when chloride is replaced by other anions; for it indicates 
that the contribution of chloride ions to the membrane conductance is larger 
than that of potassium ions. At first sight this inference seemed surprising 
in view of the close dependence of the membrane potential on the potassium 
concentration gradient. But Hodgkin & Horowicz (1957) have recently shown 
that under special conditions the effect of the chloride concentration ratio on 
the membrane potential may be made manifest, and the most likely explanation 
for the normal potassium electrode type of behaviour of the muscle membrane 
is that the chloride ions redistribute themselves between the ‘extracellular and 
intracellular fluid (Adrian, 1956). 

The principal questions raised by this work have thus already been answered, 
but some details of the present results deserve further comment. It has 
been noted, for instance, that the relation between membrane resistance and 
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the proportion of nitrate in Ringer’s solution is approximately linear 
(Fig. 44). This means that low concentrations of nitrate have a dispro- 
portionately great effect on the membrane conductance. Harris (1958) has 
suggested that nitrate may accumulate at the fibre surface in a higher 
proportion than in the extracellular fluid. One way in which this could 
happen is if only a limited number of sites allowed passage to anions through 
the muscle membrane, and if nitrate ions occupied these sites for a longer time 
than chloride ions. On these assumptions both the inward and outward move- 
ment of chloride would be impeded on the appearance of nitrate in the extra- 
cellular fluid, and, if the chances for the entry of chloride and nitrate into a 
vacant site were approximately equal when the electrochemical potential of 
these ions is the same, little change in membrane potential would be expected. 
When chloride is replaced bya non-penetrating anion like sulphate a depolariza- 
tion of the membrane is known to occur (Hodgkin & Horowicz, 1957). 

As in the experiments with **Cl (Harris, 1958), an extreme example of 
anion interaction was seen when thiocyanate was used to replace chloride. 
As little as 20% of this anion sufficed to reduce the membrane conductance 
to half its original value. This is a much greater effect than could arise if 
thiocyanate carried none of the membrane current and if the permeability to 
chloride remained unchanged, even if the contribution of potassium to the 
total conductance were negligible. However, the fall in membrane resistance 
with still higher concentrations of thiocyanate cannot readily be explained on 
the basis of anion interaction. Perhaps we are dealing here with an increase 
in cation conductance such as is sometimes seen in experiments with “K 
(Edwards et al. 1957). 

An inevitable consequence of the increase in membrane resistance produced 
by bromide, nitrate and iodide will be a reduction in the current threshold of 
the muscle fibres. Chao’s (1935) finding that the rheobase of frog’s muscle is 
reduced by treatment with these anions is thus in good agreement with the 
present results. It might, however, be expected that a change in the threshold 
membrane potential should also occur; for when the membrane conductance 
is reduced the increase in sodium permeability occurring on membrane de- 
polarization should have a greater electrogenic effect (Hodgkin, 1951). We 
have not studied this point directly, but the difference in the shape of the 
current-voltage curve in chloride- and nitrate-Ringer is in favour of this 
possibility. Thus, in nitrate a subthreshold regenerative potential change was 
seen at a smaller degree of depolarization than in chloride (Fig. 9a, 6). When 
sodium was replaced by choline the facilitation of the subthreshold response 
by nitrate was abolished, and in most fibres the current-voltage relation 


Temained approximately linear (Fig. 9d). As the anion conductance is com- 


paratively small in nitrate-Ringer, this indicates that over the range studied 
the potassium permeability did not vary appreciably with the membrane 
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potential. In other fibres, however, a fall in resistance, similar to the ‘delayed 
rectification’ normally occurring in slow skeletal muscle fibres (Burke & 
Ginsborg, 1956) was observed on depolarization in choline-nitrate (Fig. 9/). 
It would seem therefore that the response to depolarization varies considerably 
from fibre to fibre, and that when an increase in potassium permeability occurs 
its effect may be obscured by the high anion conductance of the membrane 
and by a long-lasting increase in sodium permeability. 

When depolarizing currents are passed through one micro-electrode in a 
fibre and the membrane potential is recorded with a second electrode placed 
near by, it is found that a smaller local depolarization will produce a visible 
contracture when the muscle is in nitrate-Ringer than when it is in chloride- 
Ringer. If it is assumed that the production of. a local contracture visible 
under a low-power microscope depends both upon the degree of membrane 
depolarization and upon the area of membrane depolarized, this observation 
could be related to the increase in the membrane space constant produced by 
nitrate. Thus in nitrate a smaller degree of membrane depolarization at the 
electrode may suffice to produce a visible contracture, because a greater area 
of the membrane is depolarized. This hypothesis might be elaborated if the 
surface membrane were in connexion with minute tubular extensions pene- 
trating into the fibre as suggested by Huxley (1956): an increase in space 
constant would then produce a greater spread of depolarization into the depth 
of the fibre as well as along its surface. 

Since the discovery of the effect of nitrate on the muscle twitch (Kahn & 
Sandow, 1950) efforts have been made to determine whether a change in the 
action potential accompanies the increase in tension observed. At first no 
effect was found, but more detailed experiments have recently shown that 
while the spike of the action potential is substantially unchanged by nitrate 
the ‘negative’ after-potential is prolonged (Etzensperger & Bretonneau, 1956; 
R. H. Adrian, personal communication; Edwards, quoted by Harris, 1958). 
This observation now gains added significance: it indicates that the time course 
of the ‘negative’ after-potential is closely related to the time constant of the 
resting membrane, and it provides a possible link between the increase in 
membrane resistance and the increase in twitch tension by nitrate. 


SUMMARY 

1. When the chloride normally present in Ringer’s solution is replaced either 
by bromide, nitrate or iodide the membrane resistance of frog skeletal muscle 
is increased. The relative magnitude of the membrane resistance when practic- 
ally all the chloride is replaced by one of these anions was: 

Cl: Br: NOg:I = 1-0:1-5:2-0: 2:3. 

Thiocyanate in low concentrations also increases the membrane resistance, 
but in high concentrations the resistance falls again. J 
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2. The increase in membrane resistance is associated with (i) a facilitation 


of the subthreshold regenerative potential change occurring on membrane 
depolarization, and (ii) the appearance of local contractures during depolariza- 
tion. The first but not the second is ee by replacing extracellular sodium 
with choline. 

3. The results indicate that chloride ions normally contribute the major share 
to the membrane conductance, and suggest that the membrane resistance may 
be a factor involved in the mechanical response of a muscle to depolarization. 


This work was aided by a grant for equipment from the Government Grants Board of the 
Royal Society. 
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ACUTE POSTURAL CHANGES IN ALDOSTERONE AND 
ELECTROLYTE EXCRETION IN MAN 


By A. H. GOWENLOCK,* J. N. MILLS anv 8S. THOMAS 
From the Departments of Medicine and Physiology, University of Manchester 
(Received 28 October 1958) 


The renal responses to change of posture have been ascribed to changes in renal 
haemodynamics (Rosenbaum, Ferguson, Davis & Rossmeisl, 1952); but 
Thomas (1957) has produced evidence that, at least in prolonged experiments, 
there is a change of tubular function such as could be produced by an increased 
secretion of aldosterone. There is evidence (Muller, Manning & Riondel, 1958) 
that aldosterone output over periods of twelve hours is higher in ambulant 
subjects than in those who remain in bed. Changes in output in relation 
to posture have not, however, been demonstrated over shorter periods such as 
those here reported. It has often been suggested that secretion of aldosterone 
is regulated by ‘volume receptors’ at some unknown situation (e.g. Bartter, 
Liddle, Duncan, Barber & Delea, 1956); if posture can be shown to affect 
aldosterone output, it seems likely that the same volume receptor mechanism 
is involved, and postural studies may therefore contribute towards the location 
of these receptors. 

A preliminary account of this work has already appeared (Gowenlock, Mills 
& Thomas, 1958). 

METHODS 
Observations were made on healthy male subjects, 25 medical students and one of the authors 
(J.N.M.). For each experiment groups of 3-8 subjects were used; in order to investigate changes 
of aldosterone excretion over short periods, urine from the group of subjects was pooled, as only 
thus was it possible to obtain the 8-12 man-hours of urine required for accurate assay by the 
method used. Except in experiments 7 and 8 no two groups had the same composition; each 
subject was used in one to four experiments. 

After a light breakfast without tea or coffee, subjects voided and discarded their urine at about 
10.30 and then lay down for 2 or 2} hr before voiding sample 1. They then either remained 
recumbent, for 5 hr in all, voiding sample 2 at the end; or they changed their posture to standing 
or sitting, voiding and discarding the urine after | hr and collecting the urine passed in the follow- 
ng 2 hr; or they remained recumbent and received an intravenous injection of 0-25 mg pi-aldo- 
sterone-21-monoacetate (Ciba), in 95% ethanol, diluted with isotonic NaCl, repeated 1} hr later, 


and collected the urine passed during 3 hr from the first injection. They drank when thirsty. 
Small samples of urine from each subject were removed for separate analysis of Na and K 


* Present address: Department of Pathology, University of Manchester. 
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(flame photometer, EEL) and the residue from all subjects was pooled for steroid analysis (Ayres, 
Garrod, Simpson & Tait, 1957) on samples 1 and 2. Samples removed were so adjusted that each 
subject contributed for aldosterone assay the urine collected over an equal period of time, and the 
outputs were calculated per man-hour. The smallest amount used in any assay was 7-45 man- 
hours. A little thymol was added to each sample, which was stored in the refrigerator during the 
night before commencing assay next morning. One pair of samples was thus preserved until the 
next day but one. The analytical procedure was exactly that of Ayres, Garrod, Simpson & Tait 
(1957). 
RESULTS 


Our first comparison was made between 3 groups of three or four subjects 
who remained recumbent throughout, and another 3 groups of five to eight 
who changed from recumbent to standing; they were instructed to stand 
fairly still, but to move sufficiently to avoid feeling faint. Table 1 shows that 


Tasxe 1. Urinary aldosterone in all experiments 


Aldosterone output (ug/man-hr) 
No. of " Ist period ‘ Conditions during 

Expt. no. subjects recumbent 2nd period 2nd period 

1 4 0-29 0-13 

3 0-17 Recumbent 

a 

jour{ 

5 8 0-10 os4| Standing in air 

6 6 0-28 0-46 

7 6 0-43 0-28 Sitting in air 

8 6 0-21 0-22 Sitting in water 

9 6 0-29 Standing in water 

10 6 0-41 11-2 —. injected 


° This figure is the result of an assay upon the pooled urine of both groups of subjects. 
Experiments 7 and 8 were carried out on the same group of subjects. The code numbers of 
experiments do not represent the consecutive order in which they were performed. 


the aldosterone output always declined in subjects who remained recumbent 
(Expts. 1-3), and rose in subjects who stood up (Expts. 4-6). In Expt. 5 free 
cortisol was also estimated in the pooled urine samples. The output changed 
very little, from 1-4 »g/man-hr during recumbency to 1-8 »g/man-hr during 
standing, despite a large increase in aldosterone output, so no further estima- 
tions were performed. 

If the rise in aldosterone output on standing is due to a redistribution of 
body fluids, it should be prevented by standing in water instead of air. Table 1 
shows (Expt. 9) that this was in fact the case: aldosterone output of a group 
of subjects standing in water immersed to between the nipples and the neck 
fell during the second period, just as if they had remained recumbent. The 
water in Expt. 9 was at 37° C; Expts. 7 and 8 test the possibility that immer- 
sion in water at this temperature might itself influence aldosterone secretion. 
In Expt. 7 the subjects sat in air in their ordinary clothes, and aldosterone 
excretion fell a little below that in the preliminary period of recumbency; in 
Expt. 8 the same subjects sat in water at 37° C and aldosterone secretion did 
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not change. Clearly, immersion in water did not itself cause any fall in aldos- 
terone excretion, and the low values in the subjects in Expt. 9 who stood in 
water may be attributed to prevention of the circulatory changes of standing, 
rather than to any other effect of the immersion. 

Since only one group of subjects has performed this experiment, we do not 
wish to emphasize the difference between sitting as contrasted with standing 
or lying, although the behaviour of the aldosterone output has in fact been 
intermediate between that in the other two postures. 


100 


Na excretion (% of initial) 


Ss 
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1 2 3 4 5 6 7 8 9 
No. of experiment 
Fig. 1. Aldosterone outputs (ug/man-hr) in pooled urines, and individual sodium outputs as per- 
centage of output in initial recumbent period. Second period: Expts. 1-3, continued re- 
cumbency; 4-6, standing in air; 7, sitting in air; 8, sitting in water; 9, standing in water; 
10, recumbent, injected with aldosterone. 


Aldosterone excretion (#g/man-hr) 


Sodium excretion and aldosterone output are shown in Fig. 1. Owing to the 
wide variation in initial values, 68-487 » equiv/min, the sodium results are 
represented as a percentage of the output of the first period, on a logarithmic 
scale. The mean (geometric) values are shown in Table 2, with the statistical 
significance of the differences, calculated by the small-sample method of Fisher 
(1941). 

In subjects who remained recumbent, sodium excretion was little altered in 
the second collection period of 3 hr. By contrast, excretion fell during standing, 
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in the majority of subjects, to below 40%, of the previous level, although 
a wide scatter between individuals is apparent. Subjects standing in water, 
like those remaining recumbent, showed no change in sodium excretion; and 
in those sitting, whether in air or water, sodium excretion behaved in a manner 
intermediate between those who lay or stood. Aldosterone injection did not, 
however, reduce the sodium excretion to the levels commonly observed during 
standing. 

The change in potassium excretion in the second period is shown in Fig. 2 
and Table 2 in a manner similar to that used for sodium. The output in all 
TaBe 2. The effect of posture on the excretion of sodium and potassium, and on the Na: K ratio. 

The ratio given in column 3 is that of the value in the second period to the value in the first 


period. Figures are geometric means, with probabilities calculated from the logarithms 
Ratio Probability of identity with 


No. of 2nd period: — 
Condition observations Ist period ‘Reoumbency Standing in air 
Na Recumbent ll 1-09 — 
Standing in air 19 0-38 < 0-01 — 
Standing in water 6 1-21 0-7-0-6 < 0-01 
ing in air or water 12 0-63 < 0-01 
Recumbent, aldoster- 6 0-82 0-2 0-05-0-02 
one injected 
K Recumbent il 0-77 
Standing in air 19 0-43 < 0-01 ~- 
Standing in water 6 0-48 0-3-0-2 0-7 
Sitting in air or water 12 0-57 0-2-0-1 — 02-01 
Recumbent, aldo- 6 1-03 0-1-0-05 < 0-01 
sterone injected 
Na:K Recumbent 149 
8 ing in air 19 0-99 < 0-01 — 
Standing in water 6 2-51 < 0-01 < 0-01 
Sitting in air or water 12 1-08 < 0-01 0-2-0-1 
Recumbent, aldo- 6 0-70 < 0-01 0-3-0-2 
sterone injected 


postures almost always fell, presumably as part of the diurnal rhythm 
(Stanbury & Thomson, 1951; Mills & Stanbury, 1952, 1954), but the fall was 
significantly (P<0-01) greater on standing than in subjects who remained 
recumbent. On injection of aldosterone the usual fall in potassium excretion 
of recumbent subjects was apparently prevented, but the difference was not 
statistically significant (0-1 > P>0-05). The difference from the behaviour of 
. Standing subjects was, however, significant (P <0-01). 

The effect of these changes upon the ratio of sodium to potassium excretion, 
which has been regarded as an indication of the level of aldosterone production 
(Luetscher & Curtis, 1955), is shown in the same way in Fig. 2 and Table 2. 
This ratio rose in those experiments in which aldosterone output fell, that is, 
when subjects either remained recumbent or stood in water, and the rise 
differed significantly from the behaviour of all other groups. When subjects 
sat the Na:K ratio and aldosterone output both changed little; when they 
stood in air the ratio was again unaltered although aldosterone output rose. 
When as a result of injection aldosterone output rose greatly, the ratio fell. 
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In all these three conditions—sitting, standing, and aldosterone injection— 
behaviour of the Na: K ratio was significantly different from that in continued 
recumbency. 


: 


7 


= 


Ss 
T 


K excretion (% of initial) 


1 2 3 4 5 6 7 8 9 10 
No. of experiment 


Fig. 2. Potassium outputs, and Na:K ratios, both expressed as percentage of values for initial 
recumbent period. Second period: Expts. 1-3, continued recumbency; 4-6, standing in air; 
7, sitting in air; 8, sitting in water; 9, standing in water; 10, recumbent, injected with 
aldosterone. 


DISCUSSION 


The demonstration that aldosterone output is increased by standing in air is 
clear enough, and it is generally supposed that such an increase represents an 
increased secretion by the adrenal cortex. It must now be considered how far 
such an increase of secretion can account for the changes in urinary electrolytes. 

The situation would be simple, were it possible to show that exogenous 
aldosterone, in amount similar to that produced on standing, could reproduce 
in a recumbent subject the renal consequences of standing. Such simplicity 
is not to be expected for two reasons: there is no reliable basis for comparing 
; exogenous aldosterone dosage with endogenous production, and the urinary 
changes on standing are probably ascribable also to changes in renal circulation. 
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_ At first sight, the very high aldosterone excretion after injection (Expt. 10, 
Table 1) suggests that the dose of aldosterone given was quite out of propor- 
tion to natural production. This gross disproportion may be misleading for two 
reasons: the inclusion in our assay of the biologically inactive L-isomer after 
injection of racemic aldosterone, and the mode of administration. 

Gross & Lichtlen (1958) produce evidence that activity is confined to the 
p-isomer; there is no evidence to suggest that both isomers are metabolized or 
excreted at the same rate, and as our method of assay does not discriminate 
between them the high excretion we observed might have been mainly of 
the inactive L-isomer. 

Luetscher (1956) cites evidence that even slow intravenous infusion is a 
much less effective route of administration than intramuscular injection in an 
oily medium. Venning, Giroud, Dyrenfurth & Beck (1955) have shown that 
slow intravenous injection of the natural isomer leads to an unduly large 
urinary excretion. Of our discontinuous intravenous injection of the racemic 
monoacetate (Expt. 10, Table 1), 6-7°%% was excreted within 3 hr of the first 
dose. Slow intravenous infusion has resulted in excretion of 3-6% within 
3 hr, and intramuscular administration in excretion of 24-44% over 24 hr 
‘ (Gowenlock, unpublished observations). Intravenous administration of aldo- 
sterone seems to lead to a high urinary excretion and low physiological activity. 
It is further not known whether the monoacetate has the same activity as 
the free alcohol: it may well be in part inactivated before release from the 
ester. 

Some basis of comparison between the standing and aldosterone injection 
experiments can be found by using the findings of Ayres, Garrod, Tait, Tait, 
Walker & Pearlman (1957). These workers gave small tracer doses of tritiated 
p-aldosterone, and calculated that daily excretion was, in two subjects, 8-2, 
4-2 and 5-4% of daily production. On this basis our observed excretion of up 
to 0-54 »g/man-hr in standing subjects would indicate a production rate of 
up to 7-13 yg/hr. The dose we injected, if spread out over 3 hr, corresponds 
to 83 wg/hr of p-aldosterone monoacetate, or about 8 times the supposed 
secretion rate on standing. The work cited above suggests that this factor of 
8 may be due, in part, to a less effect of brief peaks in aldosterone delivery to 
the kidney; but in addition, even slow intravenous administration appears to 
have less physiological effect than intramuscular. The reason for this is obscure. 
_ It must next be considered how far the alterations of electrolyte excretion 
on standing may be ascribed to the additional aldosterone production rather 
than to altered renal haemodynamics, in particular to a reduced glomerular 
filtration rate (Smith, 1951; Thomas, 1956). It is probable that immersion in 
water prevents the renal haemodynamic changes of standing as well as the 
increase of aldosterone output, although only creatinine output appears to 
have been measured as evidence (Bazett, Thurlow, Crowell & Stewart, 1924). 
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It will be obvious from Figs. 1 and 2 that aldosterone injection did not exactly 
reproduce the effects of standing. Thus, aldosterone did not reduce the sodium 
output to the level produced by standing, although it reduced it below the 
level observed in continued recumbency. 

Taken by themselves the changes in potassium output are difficult to inter- 
pret, since the effect of aldosterone was the reverse of that of standing; but a 
simple picture emerges if one considers the Na:K ratio. The increased ratio 
observed in continued recumbency or standing in water was often prevented, 
or even reversed, by standing in air or by injecting aldosterone, whereas sitting 
produced intermediate results. There thus seems to be an inverse correlation 
between Na:K ratio and aldosterone excretion. 

One cannot necessarily infer an altered aldosterone production from an 
altered Na: K ratio. The following is, however, a reasonable interpretation of 
the electrolyte changes we observed. Reduction in G.¥.R. on standing reduces 
the sodium presented to the distal tubule, and hence alike the sodium excreted 
and the sodium available for ionic exchange with potassium (Davidson, 
Levinsky & Berliner, 1958). Aldosterone may be supposed to promote potas- 
sium exchange for sodium, whether the amount of sodium available for this 
exchange is large, as in recumbent subjects injected with aldosterone, or small, 
as in subjects standing in air and provided by their own adrenals with more 
aldosterone. The sharp reduction in sodium presented to the ion exchange 
site may lead to an absolute reduction in potassium excretion on standing in 
air, despite the stimulus to ion exchange provided by increased endogenous 
aldosterone. This interpretation is supported by the observations of Thomas 
(1957) upon the progressive changes in successive half-hourly urine samples 
during 3 hr of standing, and more strongly by unpublished observations over 
more prolonged periods of standing; in these, Na:K ratio in the urine has 
progressively declined, often to considerably below unity, owing not only to 
fall in Na excretion but often also to an absolute rise in K excretion. 

If it be presumed that the increased production of aldosterone on standing is 
mediated through volume receptors, the response is more rapid than has often 
been suggested. A sudden large change in volume of blood, as by haemorrhage 
or large intravenous infusion, leads to a notable fall or rise of G.¥.R. (de War- 
dener & McSwiney, 1951; Robinson, 1954), which may account for the im- 
mediate changes in sodium excretion. Small or gradual changes in either blood 
or extracellular fluid volume usually, however, alter sodium output only after 
a considerable delay (Selkurt, 1954). Thus ingested isotonic saline is only 
excreted slowly; and Wrong (1956), who expanded body fluids by drinking 
water and injecting vasopressin, found an increased sodium output only after 
10-15 hr. The idea has thus gained wide acceptance (e.g. Wrong, 1957) that 
the endocrine adjustment of sodium excretion, aroused by volume receptors, 
is comparatively slow. The delay might arise either in the secretion, or 
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cessation of secretion, of aldosterone—generally accepted as the effector 
hormone—or in the action of aldosterone at the target organ. 

The present work contributes little information about the time course of 
renal response to aldosterone; it does, however, show that liberation of aldo- 
sterone may be rapid. Previous observations on aldosterone excretion in 
response to change of posture or blood volume have been confined to 12-hr 
periods (Muller et al. 1958; Wolff, 1958). The present procedure of pooling the 
urine from several subjects has permitted the demonstration of a more rapid in- 
crease in excretion—and presumably in production—within at most 3 hr. Even 
more rapid changes have been found in dogs by Holzbauer & Vogt (1958), by 
direct assay on adrenal vein blood collected over two periods of 30-45 min, 
with an intervening period during which the animal was bled or transfused. 

The literature upon possible location of volume receptors is extensive (see 
Wrong, 1957; Smith, 1957). The present work merely adds evidence that they 
are in the upper half of the body, where volume depletion will result from fluid 
increase in the legs during standing. 


SUMMARY 


1, Aldosterone has been assayed in the pooled urine of groups of 3-8 sub- 
jects who either remained recumbent for 5 hr, or stood up for 3 hr after 2 hr 
recumbency. 

2. In those who stood the aldosterone output rose; in those remaining recum- 
bent, or standing in water, the output fell. Subjects sitting, whether in air or 
water, showed an aldosterone output intermediate between those of lying and 
standing subjects. Aldosterone injection into recumbent subjects led to very 
high outputs of aldosterone. 

3. Sodium and potassium outputs were determined separately for each 
subject. Sodium fell on standing in air, and was unaltered by continued 
recumbency, with or without aldosterone injection, or by standing in water; 
sitting subjects showed an intermediate response. 

4. Potassium output fell in all groups except those injected with aldosterone. 
The fall was greatest on standing in air, and least in recumbency. 

5. The electrolyte behaviour is most simply explained by a drop in G.¥.R. 
on standing im air, and an increased tubular secretion of potassium in exchange 
for sodium under the influence of aldosterone. 

6. The changes in aldosterone excretion are discussed in relation to volume 
receptors in the upper half of the body. 
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THE RECEPTORS CONCERNED IN THE THERMAL STIMULUS 
TO PANTING IN SHEEP 


By J. BLIGH 
From the A.R.C. Institute of Animal Physiology, Babraham, Cambridge 


(Received 29 October 1958) 


It is now generally accepted that the maintenance of a stable deep body 
temperature in mammalian homoeotherms is achieved by means of thermo- 
regulatory responses to both central and peripheral thermal stimuli. How- 
ever, whether such responses to a change in the thermal gradient between an 
animal and its environment can result from the stimulation of peripheral 
receptors alone, or whether a change in the temperature of the blood supply 
to the temperature-sensitive areas of the hypothalamus must precede these 
responses, is not yet clear. 

This aspect of temperature regulation has been the basis of a number of 
investigations into the site of thermal! stimulation involved in the onset of 
panting ever since Goldstein (1872) suggested the involvement of a rise in the 
temperature of the blood supply to the brain, and Sihler (1879, 1880) expressed 
the contrary view that the normal stimulus to panting must be entirely from 
the body surface. The majority of subsequent investigators (Richet, 1898; 
Hammouda, 1933; Vicek, 1937; Hemingway, 1938; Forster & Ferguson, 
1952; Lim & Grodins, 1955), using the cat and dog, have attributed con- 
siderable importance to a peripheral thermal stimulus to panting, but have 
been unable to define clearly the relative importance of peripheral and centra] 
thermal stimulation. 

One of the difficulties has been to keep the temperature of the hypothalamic 
centres of temperature regulation, or of their blood supply, under constant 
observation in the intact conscious animal. The rectal temperature is inade- 
quate as a measure of deep body temperature because of its considerable 
thermal inertia when the heat content of the body is changing (Ross, 1956; 
Bligh, 1957a), and the introduction of temperature-sensitive instruments 
directly into the hypothalamic tissue may well produce a variable degree of 
damage. 

To meet this difficulty Bligh (1957c) used a polythene-clad thermocouple, 
chronically implanted within the bicarotid trunk, to keep the temperature of 
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the blood supply to the brain of the calf under constant observation, and was 
able to show that in this species the onset of panting in response to a sharp 
rise in environmental temperature does in fact occur in the absence of any 
rise in the temperature of the bloed supplying the braih. It is thus inferred 
that the thermal stimulation to panting can be entirely peripheral in origin. 

The experiments now presented show that this is also true for the densely 
fleeced sheep. They also provide evidence about the topography of the thermal 
receptors involved. 

METHODS 

Five castrated male Welsh Mountain sheep, 1-2 yr old and weighing 24-28 kg, were used. With 
aseptic precautions, a polythene-clad copper-constantan thermocouple was inserted into a caro- 
tid artery so that the thermojunction lay below the point of bifurcation of the bicarotid trunk into 
the common carotid arteries. The thermocouple wires were brought to a terminal button sewn 
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(min) 
Fig. 1. The four types of experiment: -—— ambient chamber temperature; ---- temperature of 
the independent air supply to the mask covering the nasobuccal area. 


to the skin in the neck region. When the animal! was taken into the temperat trolled chamber, 
the thermocouple was connected to the temperat ing system of the chamber, but at 
other times the animal was able to move about freely in its pen. This technique has already been 
described (Bligh, 1957a, 6). Respiration rate was recorded by means of a stethograph belt and 
recording tambour. Skin temperature was measured by means of a fine thermocouple at one 
position only, beneath the fleece in the dorsal thoracic area. 

Experiments were started with each sheep 4 days after the operation, and were continued 
daily with interruptions at week-ends. The animals were brought from the pen to the climatic 
chamber in a trolley, so as to cause minimum disturbance to metabolism, and were then required 
to remain standing within tubular steel stanchions throughout each 2-3 hr experiment, without 
access to food or water. Respiration rate, skin temperature and bicarotid trunk blood temperature 
were recorded at intervals of 5 min throughout each experiment. In some experiments a face mask 
with its own temperat trolled air supply was placed on the animal, so as to vary the tem- 


perature of the air surrounding the nasobuccal area independently from that which surrounded 
the animal’s general body surface. 
Four types of experiment were employed. In the first, basic, type of experiment, the sheep 
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spent the first hour in the chamber at an ambient air temperature of about 20°C. At the end of 
this period, the ambient temperature was raised rapidly to 42° C and maintained at that level for 
1 or 1 hr (Fig. 1a). In the other three types of experiment the sheep wore the face mask with th, 


1 hr during which both ambient and mask temperatures were kept at 20° C, both temperatures 
were raised to 42° C and kept at that level for 14 hr (Fig. 16). In the second type of mask experi- 
ment, after the first hour at 20° C ambient temperature was raised to 42° C, while the mask tem- 
perature remained low. At the end of the second hour, mask temperature also was raised to 
42° C and kept there until the end of the third hour (Fig. 1c). The third type of mask experiment 
was the converse of the second type: at the end of the first hour at 20° C, mask temperature alone 
was raised to 42° C, and an hour later ambient temperature was also raised to 42° C and kept there 
until the end of the third hour (Fig. 1d). Although given as 20° C, in fact the chamber temperature 
was uncontrolled during the first hour, and ambient air and mask air temperatures varied between 
19 and 23° C, but was usually close to the mean value of 20-4° C. 

The basic experiment, without the mask, was made three times on each of two zheep (Nos. WM 2 
and 3). In these experiments the ambient temperature was maintained at 42° C for 1 hr only. 
All four types of experiment were made twice each, in random order, on each of three other sheep 
(Nos. WM 6, 7 and 8). 

Humidity was recorded but not controlled in these experiments. During the first hour, at an 
ambient temperature of about 20° C, vapour pressure varied between 4-5 and 6 mm Hg (25-32% 
r.h.). At 42° C vapour pressure remained close to 7-5 mm Hg (12% r.h.). 

As the conciusion of the experiments on each animal it was killed, and the position of the 
bicarotid trunk thermocouple was determined. In each case the t sensitive junction 
was found to be lying in the mid-stream position, somewhere between the aorta and the point of 
bifurcation of the bicarotid trunk, and was free from blood clots. 

The apparatus for temperature measurement, which was accurate to 0-05° C, was calibrated 
frequently. Each implanted thermocouple was calibrated before being placed within the bicaro- 
tid trunk and usually re-calibrated following its removal postmortem. 


RESULTS 

The mean values obtained for the respiratory frequency and the blood tem- 
perature (bicarotid trunk temperature) of five sheep which were subjected to 
an ambient temperature rise of 22° C are shown in Fig. 2. In each experiment 
the animal was kept in the chamber at 20° C for a preliminary period of 1 hr 
and then for another hour at 42° ©. As is shown in Fig. 2, coincident with the 
rise in chamber temperature there was a rise in skin temperature and respira- 
tory frequency. The blood temperature also increased over the same period 
but only very slowly and the panting response was well established before a 
change in blood temperature was detectable. From the rapid onset of panting 
and from the fact that the blood temperature even at its maximum did not 
exceed the blood temperature at the beginning of the experiment it appeared 
that the respiratory response could not have been due solely to the change in 
deep body temperature. 

From the analysis of the individual variations (see Figs. 3, 4) in the response 
of the five sheep to an increasing ambient temperature it was observed that 
the rise in respiratory frequency following an abrupt rise in ambient tempera- 
ture can occur in the absence of any rise in blood temperature (Fig. 4a); that 
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in magnitude this response is independent of any change in blood temperature 
which may occur (Fig. 4a); and that it is also independent of the respiratory 
frequency during the preliminary period at 20°C ambient temperature 
(Fig. 46); but that the rate finally attained at the end of 1 hr at 42° C ambient 
temperature may be dependent upon the respiratory frequency during the 
preliminary period (Fig. 4c). 

In every experiment the change in skin temperature at the one point of 
measurement, when ambient temperature was raised, was similar to that 
shown in Fig. 2. This measurement is of little assistance in interpreting these 
experiments, except to indicate the order of temperature change transmitted 


5 38 180 
8 37 ® 4160 
3 
% 
41202 
45- 
+ 60% 
40 
20 
< 60 120 
Time (min) 


Fig. 2. The effect of raising ambient temperature (@—@ ) from 20 to 42° C upon bicarotid trunk 
blood temperature (O—O ), skin temperature (@—®© ) and respiratory frequency (®@—<@). 
The mean values obtained from twelve experiments on five sheep. The vertical line indicates 
the point at which the temperature of the chamber started to rise. 


to the skin beneath the fleece. The change may be largely passive, and any 
component due to an active change in peripheral vasomotor fone cannot be 

distinguished. 
In experiments in which the animals were made to breathe through a mask, 
raising the temperature of both the ambient air and the inhaled air produced 
effects similar to those already described, which were due to raising ambient 
temperature alone. Therefore, the mask itself had no significant effect and 
experiments in which it was employed may be legitimately used to analyse 
the separate effects of raising the temperature so as to act on skin receptors 
and raising the temperature of the inhaled air so as to act on receptors of the 
respiratory epithelium. 
10 PHYSIO, OXLVI 
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Fig. 3. The effect of raising ambient chamber temperature from 20 to 42° C upon bicarotid trunk 
blood temperature and respiratory frequency of each of the five sheep studied. Each plot is 
the mean of two or three experiments on one animal. The vertical line indicates the point at 
which the temperature of the chamber started to rise. 
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Fig. 4. Analysis of the variation from animal to animal in the effect of a rise in ambient chamber 
temperature from 20 to 42° C upon bicarotid trunk blood temperature and respiratory fre- 
quency. The symbols represent individual sheep and correspond to those used in Fig. 3. 
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The mean values obtained in experiments using this method are given 
in Fig. 5. When the mask air temperature alone was raised to 42° ©, so that 
only the nasobuccal area and respiratory tract were exposed to the higher 
temperature (Fig. 5d), the rise in the respiratory frequency at the end of 1 hr 
was only 23% of that obtained when both mask and ambient air tempera- 
tures were raised simultaneously (Fig. 5a). When the ambient air temperature 
was raised to 42°C while mask temperature remained low (Fig. 5c), the 


increase in respiratory frequency was 63% of the effect of raising both ambient 
air and mask temperatures (Fig. 5b). 
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Fig. 5. The mean values of respiratory frequency for experiments of types a, b, c and d (Fig. 1). 
Each plot is the mean of two experiments on each of three sheep. The vertical lines correspond 
to the changes in chamber and mask temperatures indicated in Fig. 1. 


DISCUSSION 


It has now been shown that in the sheep, as in the calf (Bligh, 1957c), the 
onset of panting can occur in the absence of any rise in the temperature of 
the blood supplying the brain. In some experiments there was no change in 
blood temperature, during the period of high environmental temperature, 
while respiratory frequency increased considerably. This means that in these 
instances the animal had exactly balanced the reduced ability to lose heat 
by radiation and convection, due to a higher ambient temperature, with a 
rise in the evaporative heat loss from the respiratory tract, and possibly also 
from the skin, by thermo-regulatory responses to a purely peripheral thermal 
stimulation. But in other experiments heat loss was not always so finely 
adjusted. There were instances of both a rise and a fall in bicarotid trunk 
temperature during this phase of the experiment. 

It has been suggested by Bazett (1927) and Burton (1941) that whereas 
the stimuli to thermoregulatory responses appear to act aiessaee oS the 
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magnitude of these responses may be modified by the temperature of the 
blood supplying the hypothalamic centres. The present experiments, in which 
the direction and magnitude of change in the temperature of the blood supply 
to the brain had apparently no effect on the respiratory response to a raised 
ambient temperature, do not support this view. It would seem that panting 
is not a finely controlled response to a high environmental temperature, so as 
to rebalance heat production and heat loss exactly at a fixed level of deep 
body temperature, but serves only as an approximate means of adjustment, 
occasionally over-compensating and often under-compensating for the reduc- 
tion in heat loss by other channels. The final balance between heat production 
and heat loss involves a fall or rise in the heat content of the body. This 
interpretation of the experimental results supports the view of Glaser & 
Newling (1957) that the maintenance of a thermal balance is the fundamental 
property of temperature control, while deep and superficial temperatures may 
vary within fairly wide limits. 

A possible reason for the failure of those animals in which there was an 
appreciable increase in deep body temperature to raise their respiratory 
frequencies further could be that respiratory frequency was already maximal 
for that animal, and that despite an additional stimulus of central origin, 
evaporative heat loss from the respiratory tract could not be further increased. 
This is almost certainly not the case, for in other experiments on these same 
animals, to be reported later, it was found that if, after respiratory frequency 
had levelled out following a rise in chamber temperature to 42° C, the humidity 
was then increased, a further sharp rise in respiratory frequency would occur. 
The reason for this rise has not yet been fully investigated, but its occurrence 
suggests that had the rise in deep body temperature in the experiments 
reported here acted as a direct thermal stimulus upon the hypothalamic 
centres, the animal was physically capable of responding with a further rise 
in respiratory frequency. 

The conclusion drawn from these experiments on sheep, that the magni- 
tude of the rise in deep body temperature had no influence upon the respira- 
tory response to a raised ambient temperature, does not deny the possibility 
that in the absence of a powerful peripheral stimulus a rise in deep body 
temperature of the order of those which occurred in some of these experiments 
would not then have an effect upon respiratory frequency; although there is 
no evidence to suggest that a rise in blood temperature of 1° C or less can 
produce panting by a direct effect upon the hypothalamic centres. A rise in 
respiratory frequency was produced in the anaesthetized cat (Magoun, 
Harrison, Brobeck & Ranson, 1938) and the anaesthetized dog (Moorhouse, 
1911; Hammouda, 1933) by the direct application of heat to the hypothalamic 
areas concerned in temperature regulation, or by warming the arterial blood 
supplying these areas. However, in each case it was necessary to raise the 
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hypothalamic temperature by 3 or 4° C before panting occurred. Hemingway, 
Rasmussen, Wikoff & Rasmussen (1940) and Strém (1950a, b) were unable to 
obtain panting by similar techniques. 

The demonstration that in certain circumstances the thermal stimulus to 
panting can be entirely peripheral in origin inevitably leads to renewed 
speculation upon the distribution of the temperature receptors involved. This 
was first considered by Sihler (1880), who investigated the importance of 
temperature receptors in the lungs of dogs. He reported that breathing warm 
air did not cause dogs to pant, and that when panting had been established by 
generalized heating, section of the vagi did not stop it. Richet (1898) con- 
firmed that the vagi play no part in the response, and concluded that the 
receptors were probably cutaneous, including those supplied by the trigeminal 
nerve. The more recent suggestion that in bovines there may be temperature 
receptors in the respiratory tract (Beakley & Findlay, 1955), and the demon- 
stration by Nisbet (1955) of many sensory nerve endings in the bovine muzzle, 
led to an extension of the studies on the calf to see if the onset of panting 
depended specifically upon the thermal stimulation of receptors in the naso- 
buccal area. These’ experiments, which have only been reported briefly 
(Bligh, 1957d) showed that this is not the case. Warming of the nasobuccal 
area was @ feeble stimulus to panting compared with warming the external 
surface excluding the nasobuccal area. Similar experiments with the sheep 
have yielded similar results. It is clear that the nasobuccal area of the Ayr- 
shire calf and the Welsh Mountain sheep contains some temperature receptors, 
the stimulation of which can result in a small but appreciable increase in 
respiratory frequency, and that the thermal stimulation of the receptors in 
this area, together with those somewhere on the body surface generally, is 
necessary for the maximum respiratory response to a given change in environ- 
mental temperature. These results confirm the view of Richet (1898) that 
reflex thermal polypnoea probably results from the stimulation of cutaneous 
nerves, including the 5th cranial nerves, which supply the skin of the face and 
the ectodermal portion of the mucous membrane of the mouth and the nasal 
cavity (Larsell, 1951), but do not wholly support the suggestion of Beakley 
& Findlay (1955) that the thermal receptors in the respiratory tract may play 
a prominent role in the initiation of panting. 

The question remains whether the peripheral receptors are more or less 
uniformly distributed over the body surface, large areas of which, in the case 
of the sheep, are heavily insulated from the environment by the dense fleece, 
or whether the receptors are concentrated at some relatively lightly insulated 
area such as the ears. This will be the subject of further experiments. 
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SUMMARY 


1. It has been shown that in the Welsh Mountain sheep the onset of panting 
in response to an abrupt rise in environmental temperature need not be pre- 
ceded by any change in deep body temperature, and that, by inference, this 
thermoregulatory response must result from the stimulation of peripheral 
thermal receptors. 

2. Such changes as have been observed in deep body temperature coincident 
with the onset of panting appear to be passive, and do not modify the respira- 
tory response to a high environmental temperature. 

3. A face mask with an independent temperature-controlled air supply was 
used to separate the role of temperature receptors in the nasobuccal area from 
those on the general body surface. Stimulation of temperature receptors in 
both the nasobuccal area and elsewhere on the general body surface is neces- 
sary for the normal respiratory response to a raised environmental temperature. 
The receptors on the general body surface are the more effective of the two 
components. 


My thanks are due to Mr Paul Gibbs for his invaluable technical assistance. 
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Previous experiments have shown that after immersing a hand in water at 
4° C for six periods of 1 min duration every day for 9 days, the pain, the 
increase of blood pressure and the rise of heart rate which normally accom- 
pany an isolated immersion were diminished or absent, while the sensations 
and responses remained unchanged in the opposite hand. The evidence 
strongly suggested that such an inhibition of responses from a single hand was 
not caused by any localized change in the hand but by a central nervous 
process of habituation (Glaser & Whittow, 1957). 

It seemed of interest to investigate this in several ways, especially to find 
out whether any of the sensations and responses which are present during 
heating of a hand would also diminish after repeated immersions in hot water, 
whether the responses to heating and to cooling could be modified in the same 
hand and at the same time, and whether such a modification of responses (if it 
could be produced) would be brought about by the central nervous system or 
by some localized change in the hand. A few of the present results have 
already been briefly reported (Glaser, Hall & Whittow, 1958). 

Habituation is obviously one of the ways in which an individual may adapt 
to his environment. In the Shorter Ozford. Dictionary habituation is defined as 
the process of forming into a habit or of accustoming. This usage implies that 
it depends on the mind, that it is reversible and that it may involve the 
diminution of normal responses or sensations. Though its physiological basis 
may be the same as that of learning and of conditioned reflexes (Glaser, 1958), 
it differs from both, because habituation is based on a loss of responses, 
whereas learning and conditioned reflexes are acquisitions of new responses or 
modifications of existing ones. It differs further from conditioned reflexes 
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because in habituation there is no substitution of stimuli and there need be 
no reflex. The extinction of a conditioned reflex (by frequent presentation of 
the conditioned stimulus without the unconditioned one) resembles habitua- 
tion, while a ‘negative’ conditioned reflex is similar to the inhibition of 
habituation by changes of interest (Glaser, 1953, 1958; Glaser & Whittow, 
1954, 1957). 

METHODS 

Subjects. Five subjects took part in the experiment. Subject A was a woman aged 21. Subjects 
B, 0, D and # were men aged 44, 21, 22 and 27 years, respectively. All except A had previous 
experience of similar experiments. 

Water-baths. Three water-baths, each of about 201. capacity, were kept at 47°C (+0-3°), 
31-5° C (+0-3°) and 4° C (+1-0°). The temperature of 47° C was chosen because preliminary tests 
on subjects unconnected with the experiment had shown that only small changes of blood pressure 
and heart rate were produced if a hand was immersed at 46° C, but some people could not keep 
their hands in water at 48° C for 60 sec. The temperature of 4° C was chosen because it is the usual 
temperature for the ‘cold pressor’ response, and because it had been used in earlier tests (Glaser & 
Whittow, 1957; Whittow, 1958). All baths were mechanically stirred. The bath at 4° C was cooled 
by an insulated jacket filled with solid carbon dioxide and covered by an insulating lid with 
openings for the hand, stirrer, thermostat, thermometer and heater. 

Measurements. The blood pressure was recorded by sphygmomanometry with auscultation of 
the brachial artery on that side which was not being immersed. All readings from any one subject 
were taken by one observer over the same segment of artery, using the same cuff. The final 
results were checked in one test by recording the intra-arterial pressure from the brachial artery, 
using a direct-writing capacitance manometer. The heart rate was determined from electro- 
cardiographic records or by auscultation over the cardiac apex. Sensations were reported by the 
subjects as they were felt and were recorded at the time. 

Iontophoresis of the hand was carried out at 31-5° C during 5 min in a glass jar filled with 
a 1:1000 solution of mepyramine maleate, with direct current of 1-5-2 mA at 4-6V. The anode 
was a cylinder of copper wire mesh which surrounded the whole hand. The cathode was attached 
to the arm, the skin of which had been previously treated with an abrasive jelly. The effectiveness 
of iontophoresis was tested every time, after the appropriate immersions were complete, by thé 
absence of the skin response to a prick through a drop of 1: 1000 histamine acid phosphate solu- 
tion, or its marked diminution so as to be barely discernible, while a normal histamine response 
was present on the opposite hand. 

The heat elimination of the hand was measured by a calorimeter at about 31-5° C (Greenfield & 
Scarborough, 1949). The skin temperatures were measured with a copper-constantan thermo- 
couple fastened to the skin by a very fine layer of adhesive cellulose. 

Procedure. Tests on the same subject were done at the same time of the day, the amount of 
clothing worn being kept constant. The subject lay on a couch during and for at least 45 min 
before each test. The hand which was to be tested was immersed up to the styloid process at 
31-5° C for at least 20 min and in most tests for 30 min before any measurements were made. 
Immersions at 47 and 4° C lasted 60 sec, with intervals of 60 sec between immersions et the same 
temperature, and intervals of at least 20 min but usually of 30 min between immersions at 
different temperatures or between immersions of different hands. During these intervals the hand 
was kept in water at 31-5° C. : 

The basal levels of blood pressure and heart rate were taken to be the means of 6-10 readings 
obtained during 10 min while the hand was at 31-5° C, but if readings were constant to within 
2mm Hg or 2 beats/min over at least 4 min, then they were accepted as satisfactory basal 
values. If any preliminary readings differed by more than 8 mm Hg or more than 6 beats/min, 
readings were continued until a more stable base line was obtained. Separate basal levels of the 
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blood pressure were recorded for immersions at 47° C and at 4° C. When a decision had been made 
to begin immersions at 47° C or at 4° C, no further readings of the basal level were taken. 

During each immersion at 47° C or at 4° C three readings of the blood pressure were obtained, 
each reading being taken within 20 sec and the cuff being fully deflated between measurements. 
At the same time two readings of the heart rate were taken, one from the 5th to the 25th second 
of the immersion, the other from the 35th to the 55th. Results will be given as mean increases of 
all readings during immersions of the same hand in the same water-bath on the same day. 

The room temperatures were dry bulb 20-23° C, wet bulb 17-19° C, the air movement was less 
than 10 m/sec, and Globe thermometer readings were within 1° C of the dry-bulb temperature 
(Bedford, 1948). 


RESULTS 
Immersions at 47° C 
of the blood pressure. Subject A immersed the ‘experimental’ 
hand at 47° C for 60 sec six times daily over a period of 8 days, but she only 
immersed the opposite (control) hand once for 60 sec on the first and once for 
60 sec on the last day. The mean results are given in Table 1. During the first 
immersions of the experimental hand and during either immersion of the 
control hand, the increases of blood pressure only showed small and apparently 


Taste 1. Mean increase of blood pressure during immersions of 
a hand in water at 47° C (subject A) 


Experimental hand Control hand 
Day 1 Day 8 Day 1 Day 8 

Systolic B.P. (mm Hg) 

One immersion ~2 13 17 

Six immersions 7 0 
Diastolic B.P. (mm Hg) 

One immersion 16 -3 15 10 

Six immersions 1 


random differences. At the beginning of the experiment all six immersions of 
the experimental hand were accompanied by increases of the systolic and 
diastolic pressures amounting to 5-18 mm Hg; but these increases became 
gradually less until on the sixth day the blood pressure did not rise by more 
than 5 mm Hg in any of the 18 readings obtained during six immersions at 
47° C. For the hand which had been repeatedly immersed, the diminution of 
the mean responses between the first and eighth day amounted to 7 mm Hg 
and it was significant both for systolic 5-109; P< 0-001) and for diastolic 
blood pressure (¢= 5-884; P< 0-001). 

Sensations. At the beginning of the experiment, immersions of either hand 
produced sensations described as ‘tingling’, ‘burning’ and ‘pins and needles’. 
Similar sensations were reported when the control hand was immersed at the 
end of the experiment. The sensations accompanying immersions of the ex- 
perimental hand gradually diminished and they disappeared on the sixth day 
when there was still some increase of the blood pressure. At the end of the 
experiment, immersions of the experimental hand were reported as ‘ pleasantly 
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warm’ and those of the control hand appeared ‘much hotter’. The diminution 
of sensations after repeated unpleasant stimuli, as well as the lack of any 
clear correlation between the loss of sensation and the lessening of responses, 
conformed to previous findings on habituation to strong sensory stimuli 
(Glaser & Whittow, 1957; Glaser & Lee, 1959). 

Effects of repeated immersions at 47° C wpon immersions at 4° C. Twenty- 
four hours after the last immersions at 47° C, subject A immersed in turn, and 
with an interval of 30 min, each hand for 60 sec in water at 4° C. The mean 
increase of systolic blood pressure was 16 mm Hg for the hand which had been 
repeatedly immersed at 47°C and 14mm for the opposite hand, while the 
mean increase of diastolic blood pressure was 12 mm for each hand. Sensations 
during immersions of both hands at 4° C were as previously described for 
people unaccustomed to very cold water (Glaser & Whittow, 1957), but im- 
mersions of the hand which had been repeatedly immersed in hot water were 
reported to be “worse’ than those of the control hand. 


Immersions at 47° C and at 4° C 


On successive days subjects B, C, D and E each immersed one hand for 
60 sec six times daily at intervals of 60 sec in water at 47° C, and after at 
least 20 min they immersed the same hand again six times for 60sec at 
intervals of 60 sec in water at 4° C. Before and between immersions in hot and 
cold water the hand was at 31-5° C as described above. Two subjects used 
their right hands as the experimental hands in this way and two their left 
hands, The opposite hand was immersed as a control for 60 sec at 47° C and 
then at 4° C, with an interval of at least 20 min, once in each bath at the begin- 
ning and again at the end of the experiment. 

Responses of the blood pressure and heart rate. At the beginning of the experi- 
ment all immersions of either hand in hot or cold water were accompanied by 
increases of blood pressure and heart rate, though these increases were mostly 
greater at 4° C than at 47° C (Tables 2 and 3). As in previous experiments at 
4° © (Glaser & Whittow, 1957), successive immersions at the same tempera- 
ture and on the same day produced gradually diminishing responses. The 
responses during immersions of the hand which was repeatedly cooled and 
warmed also diminished from day to day in all subjects, but, as in subject A 
and in previous experiments in which unpleasant stimuli were repeated 


(Glaser & Whittow, 1957; Glaser & Lee, 1959), the rate of diminution was not 


always linear, and it varied from subject to subject. Control immersions of 
the opposite hand were obtained from subject E on the ninth day of the 
experiment, from subjects ( and D on the twelfth day and from subject B on 
the fifteenth, and those days were taken in each case as the end of the main 
experiment (Table 2), but all subjects continued with other tests for a few 
more days (see below) and they kept up daily immersions of their experimental 
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Tasiz 2. Mean increases of blood pressure and heart rate before and 
after repeated immersions of the same hand at 47° C and at 4° C 


Immersions at 47° C 
of End of 
Subject experiment experiment Difference t 
Systolic B.P. (mm B 18 3 15 10-740 
weiss C 7 0 7 8-867 
D ll -1 12 7-720 
E 6 0 6 7-822 
Mean ll 10 
Diastolic s.r. (mm Hg) B 17 2 15 9-511 
Cc 5 -3 8 10-122 
D 8 1 7 6-731 
E 7 0 7 10-056 
Mean 9 0 9 — 
Heart rate (beats/min) B 4 -2 6 3-345* 
C 11 3 8 6-579 
D 3 0 3 3-723* 
E 5 1 4 4-126 
Mean 6 1 5 _ 
Immersions at 4° C 
Systolic s.r. (mm Hg) B 20 6 14 5-611 
it C 14 7 7 5-401 
20 -2 22° 11-787 
E 9 2 7 2-979* 
Mean 16 3 13 _ 
Diastolic B.r. (mm Hg) B 10 5 5 3-846 
Cc 14 6 8 3-913 
D 16 3 13 13-105 
E 7 2 5 3-112* 
Mean 12 4 8 — 
Heart rate (beats/min) B 10 0 10 3-857 
C 15 3 12 5-631 
D 10 0 10 6-215 
Ez 8 3 5 3-241* 
Mean ll 2 9 
For the blood pressure n, +, = 36; for the heart rate n, +n, = 24. 
* 0-01 >P>0-001. For all other values of P< 0-001. 
TaBLE 3. Mean increase of blood pressure and heart rate during 
single immersions of the control hand at 47° C and at 4° C 
Immersions at 47° C Immersions at 4° C 
Beginning of Endof Beginningof End of 


Systolic B.P. (mm Hg) B 7 8 15 
C 9 8 17 

D 10 9 26 

E ll 8 14 

Mean 9 8 18 

Diastolic (mm Hg) B 12 23 
C 10 6 8 

D 3 8 31 

E 7 10 16 

Mean 8 8 20 

Heart rate (beats/min) B 7 5 25 
C 16 17 17° 

D 18 31 

E 12 ll 15 

Mean 10 13 22 
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hands until all subsidiary investigations were completed. While the responses 
of the blood pressure during single immersions of the control hands continued 
to show random variations (Table 3) the responses during immersions of the 
experimental hand were greatly diminished at the end of the experiment both 
at 47° C and at 4° C, and all the differences were highly significant (Table 2). 

Random readings taken at different stages of the experiment during the 
intervals between experimental immersions, while the hand was in a water 
bath at 31-5° C for 60 sec, showed that the blood pressure and heart rate were 
at or near the basal levels. As in previous experiments in which blood pres- 
sures and heart rates were measured at rest on different days under controlled 
conditions (Glaser & Newling, 1957) there were appreciable day-to-day 
variations in the values recorded, but variations from the resting level on any 
one day were frequently absent. 


TasLe 4. Maximum increase of blood pressure during single immersions for 60 sec at 47° C 
and at 4° C, at the end of the experiment. (Intra-arterial pressures, Subject B) 


Immersions at 47° C Immersions at 4° C 
mental Control mental Control 
hand hand* Difference hand hand Difference 
Systolic B.P. (mm ll 20 20 67 47 
Diastolic 8.P. (mm Hg) 4 12 8 ll 44 33 


(* The water bath temperature was 46° C). 


To confirm the above findings by objective recordings at the end of the 
experiment, subject B immersed each hand at intervals of 30 min for 60 sec in 
water at 47° C and at 4° C while a record of his intra-arterial blood pressure 
was taken. Table 4 shows that the peak increases of his blood pressure above 
the resting level were greater during immersions of the control hand than of 
the experimental hand, despite the fact that through an oversight the control 
hand was immersed when the hot water-bath was only at 46° C. The mean 
responses, both in hot and in cold water, were also greater when the control 
hand was immersed. 

Sensations. As in earlier experiments at 4° C (Glaser & Whittow, 1957) and 
at 47° C on subject A, the painful sensations accompanying immersions of the 
experimental hand at 47° C and at 4° C gradually diminished, but this time 
the sensitivity to heat and cold disappeared in the same hand and at the same 
time. No serious discomfort was felt during any immersions of the experi- 
mental hand after the seventh day, but there was again no clear correlation 
between the diminution of responses and the loss of sensation. Sensations 
during immersion of the control hand were unchanged at the end of the ex- 
periment. 

Though there was no evidence that the findings shown in Tables 1-4 could 
have been due to any loss of sensation in the hands which had been frequently 
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immersed at 47° C and at 4° C, an attempt was made to test that possibility. 
About 1 hr after all other investigations on subject B were finished, he im- 
mersed both his hands together in a stirred water-bath at 0° C for 10 min. 
During the first 2 min there was no pain or discomfort in the hand which had 
been repeatedly immersed at 47° C and at 4° C, but a marked and increasingly 
unpleasant sensation of numb, painful cold in the control hand. Subsequently, 
the experimental hand also began to feel numb and from the third minute on 
it became rapidly more painful. After 5 min the sensations in both hands were 
similar and very disagreeable, consisting of sharp stinging pain that differed 
from the feeling of having the hand ‘crushed in a very cold vice’ which 
accompanies cold immersions of 1 min (Glaser & Whittow, 1957), but the 
hand which had been repeatedly immersed at 47° and 4° C now seemed a little 
more painful than the other hand. Five hours later, there was some deep 
pain in both hands, and after 32 hr the fingers were tender and a little swollen. 
After 3 days the symptoms gradually disappeared. 

Effect of iontophoresis with an antihistamine substance. Twenty-four hours 
before the first series of six immersions at 47° C and at 4° C, subjects B, D and 
E immersed their experimental hands once at 47°C and once at 4°C at 
intervals of 15 min following iontophoresis with mepyramine maleate. 
Twenty-four hours after the final immersions of the control hands they 
immersed both their hands once in each water-bath at intervals of 15 min after 
similar iontophoresis. All responses and sensations after iontophoresis 
resembled closely those obtained from the same hand at the same stage of the 
main experiment. Indeed, the fact that the systolic and diastolic blood 
pressures rose less after repeated immersions of the same hand at 47° and 4° C 
could be demonstrated even from the data obtained after iontophoresis, and 
the mean results from these subjects were significant at 4° OC, even though 
only single immersions were compared. During immersions at 47° C the mean 
increase of systolic blood pressure was 11 mm Hg at the beginning of the 
experiment and 6 mm at the end, while the mean increase of diastolic blood 
pressure was 5 mm at the beginning and 2 mm at the end. During immersions 
at 4° C the mean increase of systolic blood pressure was 22 mm Hg at the 
beginning of the experiment and 11 mm at the end (t = 3-264; 0-01 > P> 0-001), 
while the mean increase of diastolic blood pressure was 21 mm at the beginning 
and 9 mm at the end (¢= 2-719; 0-02 > P>0-01). 

Effects of chlorpromazine hydrochloride. On the day after the final tests with 
iontophoresis, subjects B and D took 75 mg of chlorpromazine hydrochloride 
by mouth 14-2 hr before each immersed his experimental hand six times at 
47° C and six times at 4° C. The mean readings of blood pressure during com- 
parable immersions at the end of the main experiment and after chlorproma- 
zine are shown in Table 5. At 47° C the responses with chlorpromazine were 
significantly higher only for the heart rate of subject B and when the diastolic 


‘ 
2 
« 
4 
A 


TS 


ae 


at 


HABITUATION TO HEATING AND COOLING 159 


blood pressures of both subjects were compared together. At 4° C the mean 
differences were higher after chlorpromazine, and they failed to be significant 
only if the mean increases of the diastolic blood pressure and heart rate of 
subject D were considered by themselves. After chlorpromazine the basal 
levels of blood pressure and heart rate were within the usual range of day-to- 
day variations for each subject, and they showed no consistent trends when 
compared with the same levels in the preceding tests. 


Tasie 5. Effects of chlorpromazine hydrochloride (75 mg) on the diminished 
responses observed at the end of the experiment 


chlorpro- 
Subject experiment mazine Difference (n, +1,) t P 
Mean responses at 47° C 
Systolic B.P. B 3 3 0 
(mm Hg) D -1 -2 -1 
Mean 1 0 sil 
Diastolic B.P. B 2 4 2 36 1-843 (0-10-0-05) 
(mm Hg) D l 5 4 36 1-782 (0-10-0-05) 
Mean 1 4 3 72 2-198 0-05-0-02 
Heart rate B -2 3 5 24 2-451 0-05—0-02 
(beats/min) D 0 or 
Mean responses at 4° C 
Systolic B.P. B 6 12 6 36 2-458 ~ 0-02 
(mm Hg) D -2 7 i) 36 11-228 <0-001 
Mean 2 7 — — 
Diastolic B.P. B 5 10 5 36 3-010 0-01-0-001 
(mm Hg D 3 5 2 36 1-533 (0-20-0-10) 
Mean 4 7 3 72 2-834 0-01-0-001 
Heart rate B 0 4 4 24 2-279 0-05—0-02 
(beats/min) D 0 2 2 24 2-003 (0-10-0-05) 
Mean 0 3 3 48 4-405 <0-001 


The blood supply to the hands. During immersions at 31:5°C the skin 
temperature always closely approximated the water temperature. At 47° C 
the skin temperatures were 45-0-46-2° C, and at 4° C they were 6-8-9-3° C, 
without showing either significant or consistent differences between two hands 
of the same subject or between the same hand at different times. This con- 
forms with previous observations at 4° C (Glaser & Whittow, 1957). At the 
end of the experiment the heat eliminations at 31:5° C were similar in both 
hands of the same subject, two subjects showing a slightly higher and two a 
slightly lower heat elimination in the hand which had been repeatedly 
immersed. The level of heat elimination, adjusted to 31-5° C, was 18-42 cal/ 
100 ml. hand per minute. ) | 

Effect of anwiety and interest. At the end of the experiment subject C agreed 
that an attempt should be made to demonstrate the inhibition of responses 
from his experimental hand before a learned society, but he became nervous 
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when people were watching him and he was unable to avoid taking an interest 
in some of the activities around him. [Twenty-four hours before the demon- 
stration and 48 hr after it there were minimal increases of blood pressure and 
heart rate when his experimental hand was immersed at 47° C and only small 
increases at 4° C; during the demonstration, the responses to immersion of the 
experimental hand were higher than at any time during the previous 7 days 
and as high as the responses of the control hand in the same demonstration or 
at the beginning and the end of the experiment. Pain, however, was absent in 
the experimental hand during the demonstration. 

Return of the responses to normal. Subjects B and £ had taken part in 
another experiment 1 year earlier, when each of them immersed one hand 
repeatedly at 4° C, but the hand which was then the control hand was now the 
experimental hand. At the beginning of the present experiment the responses 
to immersions of the two hands of the same subject were similar both at 47° C 
and at 4° C, but a strict comparison with the previous experiment was not 
possible because of the difference in environmental temperatures and in the 
subjects’ state of acclimatization (Whittow, 1958). There was no evidence that 
participation in the earlier tests affected the way in which the responses 
diminished now, because during the present experiment subject E showed the 
most rapid and subject B the slowest diminution of responses. 

Only a.few random checks could be made to show how long the responses 
remained low after repeated immersions were discontinued, since the process of 
testing might, in itself, slow down the return to normal. Subject A immersed 
her experimental hand in water at 47° C six times for 60 sec, 13 days after she 
had ceased to do so regularly and subject Z immersed his experimental hand 
at 47° C and at 4° C 9 days after he had stopped regular daily immersions; in 
both these instances the responses of the blood pressure and heart rate 
resembled those observed when the responses had been the lowest, with only 
small and apparently random differences either way. Subject D immersed his 
experimental hand at 47° C and at 4° C 24 days after repeated serial immer- 
sions had ceased, and he produced responses which were lower than those 
observed at the beginning of the experiment, but higher than at the end of 
daily immersions, without differing significantly from either. Apparently 
normal responses, which resembled those obtained before repeated immersions 
of the hand, were produced by subject A 58 days after regular immersions of 
the hand had ceased and from subject D after 75 days. 


DISCUSSION 
Adaptation to heat and cold 
It may be concluded that sensations and responses accompanying immersions 
at 47° C and at 4° C can be abolished or greatly diminished in one and the same 
hand at one and the same time. This has some similarity with previous 


- 
ws 
4 
4 
| 


wa 


ae =. 


HABITUATION TO HEATING AND COOLING 161 


findings in which alternate heating and cooling of the whole body for con- 
tinuous periods of 3 days allowed acclimatization to heat and cold (Glaser, 
1949). Simultaneous acclimatization of the whole body to heat and cold must 
also exist in some populations, for exaniple, among the Finns in whom hot 
steam baths are frequently followed by total immersions in icy water, or 
among primitive people in deserts where differences between night and day 
temperatures are extreme. 

It is clear from the results that repetition of one stimulus did not diminish 
the responses to another. Repeated heating of a hand had no influence on the 
effects of cooling that hand, heating or cooling of one hand did not alter the 
effects of heating or cooling the other hand, and frequent immersions of a hand 
at 4° C for 60 sec did not alter, after the first few minutes, the effects upon 
that hand of more prolonged immersion at 0°C. Indeed, the evidence 
suggested that increased responses and greater discomfort may have been 
caused by a new stimulus, and this conforms with earlier observations when 
either cooling or warming of the whole body produced greater responses and 
appeared more unpleasant after the opposite extreme than after room tempera- 
ture (Glaser, 1949). Those previous experiments had suggested that the 
ability to adapt, as opposed to the actual state of acclimatization, was en- 
hanced by changes of environmental temperature, but the present results 
produced no evidence of this. 


Mechanisms of adaptation 

The diminution or disappearance of sensations and responses after repeated 
immersions at 47° C and at 4° C was a form of slow retained adaptation to 
heat and cold which, in theory, could have been caused either by some localized 
change in the hand or by a change in those parts of the central nervous system 
which represent only one side of the body. Both these propositions must be 
examined. 

Changes in the tissues. Convenient explanations of the present results would 
be that repeated heating and cooling of one hand lessened the production or 
hastened the destruction of some substance such as histamine in one hand, or 
that the nerve endings of that hand lost their sensitivity to heat and cold. 
But the results suggest that histamine played no part in bringing about the 
initial responses or sensations during immersions for 60 sec at 47° and 4° C, 
and that, equally, it played no part in the loss of responses and sensations after 
repeated immersions. However, the stinging pain felt during immersions at 
0° © for 10 min, and the slight pain and swelling of the hand which was 
observed afterwards, may have been caused by the production of histamine in 
the skin. Observations on subject B at 0° C make it seem improbable also that 
there was any loss of sensations after repeated immersions in hot or cold water. 
This seems even more improbable because subject C showed, on one occasion, 
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apparently normal blood pressure and cardio-accelerator responses, but no 
pain, while his attention was diverted and his anxiety aroused, though 24 hr 
earlier and 48 hr later he showed an almost complete absence of sensations 
and responses. 

The evidence does not allow an explanation of the present findings by 
changes in the blood supply to the hands which had been repeatedly cooled 
and warmed, since there were no changes of skin temperature or of heat 
elimination. The fact that the diminution of responses was confined to one 
hand, of course, excludes the possibility that this dimmution was caused by 
some general hormonal change, unless it was assumed at the same time that 
opposite hands responded differently to certain hormones, which would be 
speculating beyond any available evidence. 

Habituation. Since no peripheral or humoral mechanism can be postulated 
which would account for the observed diminution of responses, the possibility 
must be admitted that these findings were due to some change of the way in 
which the central nervous system dealt with afferent impulses. This would 
represent habituation as defined above, and it would conform to earlier sug- 
gestions that such a mechanism can cause a diminution of responses to 
localized thermal stimuli (Glaser & Whittow, 1957) or that it can play a part in 
all kinds of acclimatization (Glaser & Whittow, 1953, 1954). It seems reason- 
able to assume that the continuation or repetition of any strong afferent 
impulse will alter the responses to that impulse, probably by the forma- 
tion of new pathways in the central nervous system, and the present findings 
can be best explained by such a process, though there is no direct evidence 
of its participation. (This problem has been recently discussed by Glaser, 
1958.) 

Though habituation is probably a general property of the central nervous 
system, the present results suggest that it takes place only with regard to the 
precise stimulus which has been repeatedly applied. This fact, together with 
previous findings that different responses to the same stimulus may habituate 
at different rates (Glaser & Whittow, 1957; Glaser & Lee, 1959), makes it seem 
even more probable that habituation should be based on specific changes in 
the several neuronal paths along which afferent impulses travel through the 
central nervous system. 

Previous experiments have shown that habituation can be abolished by 
50-100 mg of chlorpromazine (Glaser & Newling, 1955; Glaser & Lee, 1959). 
Chlorpromazine does not normally raise the blood pressure and heart rate 
and it did not do so in the present experiment. Thus, it must be assumed that 
it again inhibited habituation (Table 5). 

Anxiety or a change of interest can also inhibit habituation (Glaser, 1953, 
1958; Glaser & Whittow, 1954, 1957) and this may have happened when 
subject C gave apparently normal responses from the hand which had been 
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repeatedly immersed at 47°C and at 4°, even though the responses were 
greatly diminished or absent on the previous day and 2 days later. This 
phenomenon resembles the so-called ‘negative’ conditioned reflex (see above), 
and it further illustrates the influence of the brain over habituation. It could 
be evidence also that the neuronal paths along which an afferent impulse 
travels through the central nervous system may be modified not only by 
previous experience of that impulse but also by other afferent impulses 
arriving at approximately the same time. 


SUMMARY 


1. The sensations and responses which accompany immersion of a hand at 
47° C and at 4° C were abolished or greatly diminished after repeated im- 
mersions of one hand at both these temperatures for 9-15 days. Sensations 
and responses during control immersions of the opposite hand were un- 
affected. 

2. The results suggest the possibility that in man adaptation to heat and to 
cold can be retained at the same time. 

3. There was no evidence that any localized change in the hand could have 
caused the diminution of responses observed, and the underlying mechanism 
appeared to be habituation. 

4. After the responses to immersions at 47° and 4°C had diminished, 
75 mg of chlorpromazine by mouth caused them to return towards normal, 
which conforms to previous findings that this drug inhibits habituation. 

5. Further evidence was obtained that anxiety or changes of interest may 
inhibit habituation. 

Dr J. P. D. Mounsey of the Cardiac Department, The London Hospital, kindly obtained the 
intra-arterial records. Miss Margaret Massey-Stewart and Mr Roger Greenwood acted as subjects, 
and Miss Massey-Stewart and Mr Paul Lewis helped with the collection of data. Mepyramine 
maleate (‘anthisan’) and chlorpromazine hydrochloride (‘largactil’) were provided by Messrs 
May and Baker of Dagenham, Essex. 
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THE SECRETION OF CORTICOSTERONE AND ALDOSTERONE 
BY THE RAT ADRENAL CORTEX REGENERATING 
AFTER ENUCLEATION 


By M. P. BROGI ann C. PELLEGRINO 
From the Istituto di Patologia generale, University of Pisa 


(Received 10 November 1958) 


The rat and mouse adrenal gland shows a notable regenerative capacity after 
enucleation. By this operation the whole medulla and the greater part of the 
cortex are removed, except for some cells of the zona glomerulosa adhering to 
the capsule (Evans, 1936; Greep & Deane, 1949; Pellegrino, 19516). These 
cells, by hypertrophy and hyperplasia, give rise to a new cortex. 

From the point of view of the functions of the gland, the animals with 
enucleated adrenals are very similar, for a short time after the operation, to 
adrenalectomized ones. During the course of the regeneration many of the 
disturbances induced by the operation subside, mainly within the first month. 
A period which extends approximately from the 5th to the 15th day after the 
enucleation is marked by the re-establishment of normal body weight, lost 
during fasting (Pellegrino, 1951a) and by the recovery of fat (Hartman, 
Brownell & Knouff, 1947), carbohydrate (Brownell & Hartman, 1948; 
Pellegrino, 1952; Pellegrino & Caramazza, 1955) and protein metabolism 
(Pellegrino, 1952; Torcigliani, 1955). During the second half of the first 
month after enucleation, restoration of the cortical control over lymphatic 
tissue (Pellegrino, 1950) was observed. 

In connexion with this work it was considered interesting to investigate by 
direct methods the secretory ability of the regenerating adrenal, by analyses of 
steroids in the venous effluent from the gland. This study might also offer data 
bearing on the question of the secretion of specific hormones by given zones 
of the cortex (Greep & Deane, 1947). In fact, in the first stages of regeneration 
after enucleation the newly formed cells are disposed in cohgmns and no 
glomerulosa or reticularis are detectable. The zona glomerulosa is clearly 
differentiated about a fortnight after enucleation and the zona reticularis still 
later. It was therefore decided that besides corticosterone (the main steroid 
secreted by the rat adrenal (Bush, 1953)) aldosterone secretion should also be 
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studied, because recent in vitro studies (Ayres, Gould, Simpson & Tait, 1956; 
Giroud, Stachenko & Venning, 1956) indicate that aldosterone is mainly 
secreted by the zona glomerulosa. A study by direct methods of the aldo- 
sterone and corticosterone secretion of the rat adrenal in vivo was made by 
Singer & Stack-Dunne (1955). 

METHODS 


Nomenclature. The following drugs were used: 


Corticosterone, 118: 21-dihydroxy- : 20-dione. 
Cortisol, 118: 17a: 21-trihydroxy-pregn-4-ene-3 : 20-dione. 
Cortisone, 17«:21-dihydropregn-4-ene-3 : 11 : 20-trione. 
Aldosterone, 118: 21-dihydroxy-3 : 20-dioxo-pregn-4-en-18-al. 
Deoxycorticosterone, 21-hydroxy-pregn-4-ene-3 : 20-dione. 


Purification of solvents. Ethyl acetate (Erba) was washed with 5% aqueous solution of sodium 
carbonate, dried and redistilled over anhydrous potassium carbonate. Petroleum ether (Merck) 
b.p. 40-60° C was redistilled. Chloroform (Erba) was washed with water, dried with calcium 
chloride, filtered‘ and distilled. Acetone (Erba) was dried with calcium ahicride, filtered aod 
distilled. Methanol (Erba) and ethanol (Erba) were redistilled over 2,4-dinit ylhyd 
Toluene (Erba) was washed with concentrated sulphuric acid, washed to neutral 1 with water, dried 
over phosphorus pentoxide and distilled in vacuo. 

Animal procedure. Female albino rats of the Italico strain were used, bred in this Department’s 
colony and weighing about 200-300 g at the time of death. They were kept on a standard balanced 
diet supplemented daily by green vegetables. 

In order to avoid marked inequalities in the extent of the regeneration of the right and left 
adrenals of the same animal often observed after enucleation, and the inherent difficulties in 
evaluating the secretion of the regenerated tissue (since effluent blood was collected only from the 
left adrenal), the right adrenal was removed and the left one enucleated (Hartman et al. 1947) in 
a single stage by the dorsal approach under light ether anaesthesia. 

The blood collection technique used was essentially that of Vogt (1955). Rats which had not 
fasted were anaesthetized with ethyl urethane (1-75 g/kg body wt.) injected subcutaneously. They 
received also heparin intravenously (200 i.u./rat). No tracheal cannula was used. Injections of a 
1 % glucose solution in 0-9 % (w/v) sodium chloride solution were made at intervals in the exposed 
femoral vein. The collection period was 1-5 hr except when the animal died before that time. 
The condition of the animals throughout the cannulation period was good, as could be judged by 
their rate of respiration, their general appearance and the high proportion of those which survived 
until the end of that period. The rate of adrenal blood flow was well maintained both in normal and 
in enucleated animals, as was indicated by the fact that the amount of blood collected in the last 
30 min ranged from 30 to 64% of that collected in the first hour. 

The blood was drained in tared siliconed test tubes kept in an ice bath which were afterwards 
re-weighed to give the exact amount of blood. The blood was then frozen and stored in a deep- 
freeze cabinet at - 20°C until further manipulation. Depending on the amount of aldosterone 
likely to be present in the blood, venous effluents from nine to forty-nine rats (the latter with 
glands regenerating from 8 days) were pooled. 

Extraction. The blood was thawed and extracted with ethyl acetate according to the method 
described by Bush (1953). In this and in other steps extracts were concentrated by use of a rotary 


evaporator on the Craig, Gregory & Hausmann (1950) pattern at temperatures not exceeding | 


45° ©. The extract was partitioned between 70% methanol and petroleum ether also according 
to the method of Bush (1953) and further purified by chromatography on a silica gel (Davison 
Chemical Co., Baltimore, grade 922, mesh size through 200) column. The latter step was found 
necessary in every case in order to get a clear separation in the following paper-partition 
chromatography. 
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Chromatography. The extract was then subjected to preparative chromatography on paper in 
the system fi ide~chloroform at 22° C according to the procedure of Zaffaroni (1953). Ten- 
microgram amounts of cortisol, cortisone and corticosterone were used as reference compounds. 
The dried chromatogram was photographed in U-V. light on the guide of the standard spots and 
the zones of the paper containing the cortisol, cortisone (and aldosterone) and corticosterone were 
separately cut out, together with paper strips apparently not containing substances absorbing 
U-V. light to serve as a paper blank. These portions were then shredded and eluted three times 
with 70% methanol with mechanical shaking, 5 min each time. 

Corticosterone determination. The dried eluate from the zone of the preparative chromatogram 
corresponding to the corticosterone was dissolved in 5 ml. of 95% ethanol and samples taken for 
the quantitative determination by means of the reaction with blue tetrazolium (3:3’-dianisole- bis- 
4:4’-(3:5-dipheny]l)-tetrazoli chloride, British Drug Houses, Ltd.) following the procedure 
described by Vogt (1955). Readings were taken in a Unicam SP 500 spectrophotometer in 0-2 cm 
cuvettes at 505 my against paper blanks. Each time appropriate standards of cortisol, in dupli- 
cate, were run. 

Determination of aldosterone. For this the method of Neher & Wettstein (1955, 1956) was used. 
After the preparative chromatography, the eluate of the zone containing cortisone and aldosterone 
was again chromatographed in the Bush (1952) C system, run at 38°C. The original method 
prescribes a semiquantitative estimation of aldosterone, in comparison with standards of cortisol 
by the reaction with blue tetrazolium and the U-V. fluorescence after treatment with sodium 
hydroxide. When the likely quantity of aldosterone in the sample was lg or more, it was 
preferred to make an objective measurement of the formazan produced after reaction with blue 
tetrazolium by means of a micro adaptation of the method of Touchston & Hsu (1955). In this 
case, after washing the paper with distilled water and partial drying, the formazan was eluted 
with a mixture of ethyl acetate: methanol 7:3 (v/v) and the intensity of colour was determined 
in the SP 500 Unicam spectrophotometer in 1 cm cuvettes adapted to small volume of fluid by 
the use of diaphragms. Several standards of cortisol, in duplicate, also subjected to chromato- 
graphy, were read, as well as several paper blanks. 

Recovery. 50 yg of cortisol (which appears to be practically absent from the adrenal effluent 
of the rat (Bush, 1953)) was routinely added to the blood before the extraction and its recovery 
determined with a procedure identical with that used for the determination of corticosterone. The 
average recovery found was 102+4% (range 60-134). These values are similar to those found by 
Beigelman, Slusher, Slater & Roberts (1956) and higher than those reported by Vogt (1955). 

Owing to our inability to get pure aldosterone until almost the end of the work, the recovery of 
this steroid could be measured only after the completion of the experiments. Various amounts of 
synthetic pi-aldosterone ranging from 4 to 0-5 wg were added to pools of adrenal blood already 
extracted with ethyl acetate, or to equivalent amounts of arterial rat blood, and the entire pro- 
cedure for the determination of aldosterone performed. The results of a total of 13 such determi- 
nations showed that the recovery of the added steroid was: 631.9%; 2g, 64+5%; lug, 
574.7%; 0-5 pg, about 50%. The over-all range was 42-96 %. Although the recovery proved to be 
rather low, in comparison with that observed for cortisol, it showed no great difference between 
the various amounts of aldosterone tested, which were in the range of those actually found in the 
adrenal effluents. We therefore feel confident that the trends of aldosterone secretion observed 
are not substantially altered by the low recovery. 


RESULTS 


Weight of the regenerating adrenal 
From Text-fig. 1 it is apparent that the weight of the regenerating adrenal 
cortex was lower than the corresponding left normal one at 8 and 15 days 
after enucleation. The weight difference at this stage does not express fully 
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the difference in amount of functional tissue, because at such short intervals 
from the operation histology shows notable amounts of blood coagulum, 
necrotic tissue and young connective tissue in the interior of the gland. Thirty 
days after the operation the weight of the gland was again normal and at 
2 months clearly greater than normal, but still lower (about 2/3) than the 
total cortical tissue (sum of the weight of two adrenals) of normal animals. 
The latter weight comprises also the weight of the medulla, which, however, 
contributes less than 10°, to the total weight of the gland (Donaldson, 1919; 
Jackson, 1919). These results are in substantial agreement with those of 
Pellegrino & Torcigliani (1957) who observed, after bilateral enucleation, an 
incomplete recovery of the mass of cortical tissue and of the total number of 
cells, even after 3 months. 
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Text-fig. 1. Weight of the adrenal cortex during regeneration. Results are expressed in terms of 
100 g body wt. and represent the means of from 2 to 6 groups of adrenals (see Methods). 
In all text-figures vertical lines represent 2 x s.z. 


Corticosterone secretion of regenerating adrenals 

In order to take into account not only the total secretion per gland per unit 
weight of rat but also the secretory ability per unit weight of cortical tissue, 
the data for both corticosterone and aldosterone are expressed in terms of 
pg/adrenal/kg body wt. of rat/hr and of »g/100 mg adrenal tissue/hr. 

The corticosterone secretion of normal rats was 244 wg/adrenal/kg/hr, a value 
higher than those recorded by Singer & Stack-Dunne (1955), who also col- 
lected adrenal blood for 1-5 hr, and by Vogt (1955) and Holzbauer & Vogt 
(1957) who cannulated for shorter intervals; but lower than the values given 
by Bush (1953) and Reif & Longwell (1956). Eight days after enucleation the 
secretion had fallen to very low values (less than 1/10 of normal). A rapid 
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Text-fig. 2. Corticosterone secretion of the regenerating adrenals. Results are expressed in terms 
of pg corticosterone/gland/kg body wt./hr. 
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Text-fig. 3. Corticosterone secretion of the regenerating adrenals. Results are expressed in terms 
of yg corticosterone/100 mg adrenal tissue/hr. 
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recovery followed, corticosterone production on this basis being one-third of 
the normal at 15 days from the operation, more than two-thirds at 1 month and 
around normal values at 2 months. If corticosterone secretion was plotted 
in terms of cortical tissue weight the improvement in secretion during re- 
generation was slower; on this basis the corticosterone secreted by the gland 
regenerated from 2 months was still well below the normal levels. 


Aldosterone secretion of the regenerating adrenals 

As far as we are aware, only Singer & Stack-Dunne (1955) have measured 
the secretion of aldosterone by rat adrenal glands in vivo. Their values, which 
were obtained by bio-assay (Simpson & Tait, 1952) and are expressed in 
deoxycorticosterone acetate equivalents, can be transformed in terms of aldo- 
sterone using the ratio (1:144) of the relative potency of the two steroids in 
this assay (Singer & Stack-Dunne, 1955). A comparison thus made between 
their results and ours shows that in our case the average secretion of aldo- 
sterone in normal animals was clearly greater (about three times) than that 
recorded by Singer & Stack-Dunne (1955). No evidence is available to explain 
this difference. 

Enucleation caused an extremely deep fall of the secretion of aldosterone: 
the relative reduction was greater for this steroid than for corticosterone. At 
8 days from the operation less than 1/25th of the normal amount of aldosterone 
was secreted. Eventually an increase was observed, although much less rapid 
than in the case of corticosterone. In terms of secretion per gland/kg/hr, the 
aldosterone secreted even 2 months after the enucleation was still less than 
two-thirds of normal. In terms of adrenal weight the increase in aldosterone 
levels was less still and seemed to level off between 1 and 2 months after the 
operation, when the regenerating adrenal did not produce more than 40% 
of the aldosterone secreted by the normal one. 

Ratio of aldosterone to corticosterone. This ratio x 100 was 0-53 for the normal 
gland but in adrenals regenerating after enucleation it declined sharply, with 
a minimum at 15 days, when it was only 0-19, indicating a much greater 
impairment in aldosterone than in corticosterone secretion. Later there was 
a moderate increase but the values of this ratio remained around 0-35 even at 
2 months, indicating that the defect of aldosterone secretion in comparison 
with that of corticosterone persisted. 


Rate of blood flow from the regenerating adrenals 
The defect in hormone secretion found during regeneration might be re- 
lated to a possible insufficiency of the blood flow through the glands. From 
Text-fig. 7 it appears that blood flow/kg/hr was much lower than normal 
8 days after the enucleation, but increased afterwards, reaching a fairly steady 
level between 1 and 2 months although still lower than normal. The blood flow 
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Text-fig. 4. Aldost tion of the adrenal cortex during regeneration. Results are expressed 
in terms of yg aldosterone/gland/kg body wt./hr. 
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Text-fig. 5, Aldosterone secretion of the adrenal cortex during regeneration. Results are expressed 
in terms of ug/100 mg adrenal tissue/hr. 
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Ratio aldosterone x 100 : corticosterone 
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Text-fig. 6. Ratio aldosterone x 100: corticosterone in the venous 
effluent from regenerating adrenals 
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Text-fig. 7. Blood flow through the regenerating adrenals. Results are 
expressed in terms of ml. blood/gland/kg body wt./hr. 
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in terms of weight of adrenal tissue/hr showed no clear departure from the 
normal values during the first month and a marked decrease afterwards, 


indicating that the blood flow did not keep pace with the increase of the mass 
of the tissue. 


Adrenal venous blood (mi./100 mg adrenal wt./hr) 
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Text-fig. 8. Blood flow through the regenerating adrenals. Results are 
expressed in terms of ml. blood/100 mg adrenal tissue/hr. 


DISCUSSION 


First of all it should be remembered that the conditions in which the adrenal 
hormone secretion was measured in these experiments are those of a maximal 
stimulation of the gland, in connexion with the laparatomy to which the rats 
were subjected and the continuous loss of blood. This is demonstrated by the 
experiments of Holzbauer & Vogt (1957) in which even an infusion of ACTH 
to rats during cannulation of the renal vein did not bring about an increased 
secretion of corticosterone. 

_ As regards the identification of the small amounts of aldosterone deter- 
mined, it was based on the behaviour of this substance in two chromato- 
graphic systems (Zaffaroni, 1953; Bush, 1952) the reduction of blue tetra- 
zolium and the primrose-yellow soda fluorescence. However, Nowaczynski, 
Koiw & Genest (1957) observed that aldosterone isolated from urine by the 
method here used is contaminated by several other substances. A more reliable 
criterion of identification was therefore used. The aldosterone spot from the 
adrenal effluent blood was eluted from the paper after the chromatography 
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in the Bush (1952) C system, the dried extract was acetylated with acetic 
anhydride and pyridine and run in the Bush (1952) A system against a 
standard of pi-aldosterone diacetate. After treatment with alkaline blue 
tetrazolium only one spot was observed, which gave both positive tetrazolium 
and soda fluorescence reactions and had migrated exactly as far as the standard 
of aldosterone diacetate. It was concluded ‘that the aldosterone isolated by 
the method used from rat adrenal blood was reasonably pure. 

With reference to the secretory ability of the regenerating cortex it is 
apparent that it is less able to secrete corticosterone and aldosterone than the 
normal gland, at least in the conditions of these experiments. In fact the total 
amount of corticosterone secreted per unit weight of rat was back to normal 
only after 2 months of regeneration, but the weight of the regenerated tissue 
at this stage was greater than that of a normal adrenal. Per unit weight of 
tissue the regenerating adrenal is therefore always deficient in secretory 
ability. This relates to corticosterone and also aldosterone, the secretion of 
which is even more affected than that of corticosterone. This deficiency is more 
marked at shorter intervals from the operation, even in terms of cortical tissue 
weight; after 1 month a fairly stable condition is reached at levels clearly 
lower than normal, especially for aldosterone. These results, particularly those 
regarding the secretion of aldosterone, are of interest in connexion with the 
findings of Gaunt, Liling & Cordsen (1945), Brownell, Hartman & Reiman 
(1950), Dexter & Stoner (1952) and Chester Jones & Spalding (1954), indicating 
a persistent disturbance in the water and electrolyte metabolism of the 
enucleated animals. 

The reasons for the deficient secretory ability of the regenerating tissue are 
not clear. At 8 days, and partially also at 15 days, the deficiency in terms of 
unit weight of the gland could be due to the presence in the regenerating glands 
of amounts of blood coagulum, necrotic tissue and young connective tissue, 
but this is certainly not true for the glands regenerating for 1 and 2 months, 
when interfering material is reduced to a minimum or absent. 

Note that the period of lowest secretion per unit weight of adrenal tissue 
coincides with the greatest volume of the average cortical cell (Pellegrino 
& Torcigliani, 1957). These cells in hypertrophy seem therefore to possess 
a reduced secretory ability. Later the decrease in volume of the average cell is 
accompanied by a marked improvement of the secretion of both steroids. 

An examination of the possibility that the reduced secretion is connected 
with variations in the blood flow through the gland shows that in terms of 
unit weight of the tissue the blood flow is normal until a fortnight after 
enucleation, but declines markedly later, especially after 2 months. This factor 
seems therefore not to play a part in the first stages of regeneration, whereas 
it might have some importance in limiting the secretory ability of the tissue 
in later stages of this process. 
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On the other hand, Holzbauer & Vogt (1957) found no decrease in cortico- 
sterone secretion per unit weight of tissue in regenerating adrenals in com- 
parison with normals. However, with few exceptions their rats were tested 
3 months or more after enucleation, and cannulation lasted for only 30 min. 
It is possible that the regenerating adrenal, while able to supply normal 
quantities of steroids for a short time, is incapable of so doing when a strong 
stimulation lasts for longer periods. } 

Of particular interest, as already mentioned, for the question of the 
functional zonation of the adrenal cortex, is the correlation between the rates 
of secretion of corticosterone and aldosterone observed in this work and the 
histological aspects of the regenerating tissue (Pl. 1). From such a correlation 
it appears that at 8 days, when the regenerating tissue was composed almost 
exclusively of columns of cells similar to those of the zona fasciculata, the 
production of aldosterone was more reduced than that of corticosterone and 
the ratio aldosterone x 100:corticosterone dropped from the normal 0-54 to 
0-30. It is to be noted that even at such an early stage of regeneration, in a 
fair proportion of adrenals, just under the capsule one could observe small 
clusters of cells not amounting to a definite layer, which were clearly distin- 
guishable, being much smaller and with smaller and darker nuclei, from the 
cells composing the columns which extend towards the interior of the gland 
(Pl. 1, fig. 1). The ratio between the two steroids dropped further at 15 days 
from the enucleation, when the mass of regenerating cells disposed in columns 
similar to those of the zona fasciculata was much increased and the re-dif- 
ferentiation of the zona glomerulosa was well under way. The drop in the ratio 
between the two steroids at 15 days in comparison with that at 8 days was 
caused by a marked increase in the secretion of corticosterone (about four times 
in comparison with that at 8 days) and by a much less marked increase in that 
of aldosterone. These results are compatible with the evidence offered by the 
experiments 7m vitro (Ayres et al. 1956; Giroud et al. 1956) that aldosterone is 
mainly secreted by the zona glomerulosa cells. However, the present experi- 
ments do not seem to supply any new evidence bearing on this question, 
although this had been hoped at the outset of the research, because at no 
stage of the regeneration in which it was possible to make measurements of 
steroid secretion could the regenerating tissue be considered as belonging with 
certainty to a single zone. Even at 8 days after enucleation the clusters of 
cells located immediately under the capsule might be considered as an early 
beginning of re-differentiation of the zona glomerulosa (Baxter, 1946). 

The persistently lower ratio of aldosterone to corticosterone during all the 
regeneration period studied, in comparison with the normal, the values of 
which were obtained in the same experimental conditions, might indicate that 
different mechanisms controlled the secretion of aldosterone and of cortico- 
sterone. This is in agreement with the results of Singer & Stack-Dunne (1955) 
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in hypophysectomized rats, It is not possible to state whether the different 
rates of secretion are mediated by different ratios of zona glomerulosa to zona 
fasciculata or by other means. | 

With reference to previous observations cited on pages 165 and 166, from 
which it appeared that animals with regenerating adrenals show disturbances 
in various fields of metabolism which subside in stages, mainly in the course 
of the first month of regeneration, it is evident that the amounts of steroids 
sufficient for a recovery from such disturbances are very low, especially if one 
takes into account the conditions of maximal stimulation in which the present 
data were obtained. 

The results of this paper show that the regenerating adrenal cortex, at least 
for the first 2 months, secretes much less aldosterone than the normal one. 
This fact is of interest in connexion with the pathogenesis of the hypertension 
which develops if one adrenal is removed and the other enucleated (the 
precise conditions used in our experiments) in rats sensitized by unilateral 
nephrectomy and a high sodium intake (Skelton, 1955, 1956; Skelton & 
Guillebeau, 1956; Chart, Ulsamer, Quinn, Howie, Sullivan & Gaunt, 1957). 
It is evident from our results that an increased secretion of aldosterone, 
suggested by Skelton & Guillebeau (1956) must be ruled out as a cause of the 
hypertension observed in such experimental conditions. 


SUMMARY 


1. Corticosterone and aldosterone secretion by the rat adrenal cortex 
regenerating after enucleation was studied in the period from 8 days to 2 months 
after the operation, by means of cannulation of the left renal vein and chemical 
analysis of the steroids in the effluent blood. 

2. Secretion of both steroids was very deficient in comparison with normal, 
either on the basis of the body weight of rats, or of weight of adrenal tissue. 

3. Secretion of aldosterone was more affected by the enucleation than that 
of corticosterone. The ratio of aldosterone to corticosterone was always lower 
than normal, with a minimum 15 days after enucleation. 

4. Blood flow through the regenerating adrenals, in terms of weight of 
adrenal tissue, was normal in the first month after the enucleation, but 
declined later, indicating a defect in the blood supply of the regenerating tissue 
at some time after the enucleation. 

5. Acorrelation is attempted between the histological aspects of regenerating 
tissue and its hormone secretion. 

6. The interpretation of these results is discussed. 


After submission of the typescript of this paper, our attention was drawn to 
a note by Masson, Koritz & Peron (1958, Endocrinology, 62, 229-233) showing 
that the regenerating adrenals tested 21 days after the enucleation secrete 


‘ » 
r 
> 
-4 
‘ 
ty 
é 
» 


SECRETION OF REGENERATING ADRENALS 177 


in vitro less total steroids (blue tetrazolium reacting) and less corticosterone 
and deoxycorticosterone than the normal ones, whereas after 30 days these 
defects had disappeared. * Aldosterone secretion was always much lower than 
in controls. Analyses of adrenal effluent blood from rats with regenerating 
adrenals showed also that corticosterone secretion was lower than normal, in 
agreement with the present results. 
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EXPLANATION OF PLATE 


Fig. 1. Part of the outer adrenal cortex of rat 8 days after enucleation (fixed after 1-5 hr cannu- 
lation of the renal vein). The cortical cells with large vacuoles in the cytoplasm are disposed 
in columns. Among them there are capillaries full of blood. Under fhe capsule clusters of 
much smaller epithelial cells are visible (beginning of differentiation of the zona glomeru- 
losa?). Neutral formalin, Carazzi’s haematoxylin and eosin. 

Fig. 2. Part of the outer adrenal cortex of rat 15 days after enucleation (fixed after 1-5 hr cannu- 
lation of the renal vein). The cortical cells are arranged in long columns. There are clusters of 
smaller cells under the capsule. Neutral formalin, Carazzi’s haematoxylin and eosin. 

Fig. 3. Part of the adrenal cortex of rat 30 days after enucleation (fixed 1-5 hr after cannulation 
of the adrenal vein). A well developed glomerulosa is visible at the outer border of the 
proliferated cortical cells, whose mass is much increased. The capillaries are full of blood. 
Neutral formalin, haematoxylin and eosin. 

Fig. 4. Part of the adrenal cortex of rat 60 days after enucleation. Peripherally the zona 
glomerulosa is evident. In the middle of the cortex the cells with vacuolated cytoplasm are 
arranged in regular columns. Neutral formalin, haematoxylin and eosin. 
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THE ABSOLUTE VISUAL THRESHOLD RECORDED FROM 
THE LATERAL GENICULATE BODY OF THE CAT 


By F. H. C. MARRIOTT, VALERIE B. MORRIS anv M. H. PIRENNE 
From the Unwersity Laboratory of Physiology, Oxford 
(Received 24 November 1958) 


The visual sensitivity of the cat’s eye has been measured in intact animals by 
Bridgeman & Smith (1942) and Gunter (1951) using behavioural methods. 
Barlow, Fitzhugh & Kuffler (1957) have recently obtained values for the 
threshold of responses recorded from ganglion cells in the cat’s retina. In the 
experiments described in this paper, the threshold of a response recorded in 
the lateral geniculate body of the cat was measured when illuminating a large 


area of the retina. 

METHODS 
The optical arrangement for illuminating the cat’s eye in Maxwellian view is shown in Fig. 1. 
Light from the source L was focused by a wide aperture condenser C. The small image of the 
source was arranged to fall within the cat’s eye H near the plane of the pupil. 

A large circular image was formed on the retina. 

The light source was similar to that used by Denton & Pirenne (1954). A 12 V 12 W tungsten 
filament opal lamp was mounted behind a diaphragm D, a photographic shutter P, a pair of neutral 
density wedges W, a neutral filter F,, and a colour filter F,. The condenser was mounted in the 
wall of a large light-tight box in which the cat was placed for the experiment. 

The tungsten lamp was run at constant voltage at a colour temperature of 2440° K. The intensity 
of the diaphragmed part of the opal bulb was 1-2 cd. The calculation of the spectral energy output 
of the lamp from the colour temperature and intensity has been described by Pirenne, Marriott & 
O’ Doherty (1957). The light energy falling on the cat’s eye was derived from the output of the 
lamp knowing the transmission of the wedges, neutral filter and colour filter, and the transmission 
and apparent angular diameter of the condenser. 

The values are expressed as the retinal illumination. This is defined here as the total energy 
flux falling on the cornea within the area of the pupil divided by the area of the image of the field 
on the retina, This definition takes no account of light losses at the cornea or in the eye media nor 
of reflexions or absorption by the retina and the tapetum. In these experiments the light flux 
entering the eye was not restricted by the size of the pupil, since the image of the diaphragmed 
bulb was smaller than the cat’s dilated pupil. 

Colour temperature and intensity calibrations for the source were carried out by the National 
Physical Laboratory. They also measured the spectral transmission of the condenser and of two 
green colour filters, one a Corning combination glass filter having maximum transmission at 
0-515 » and the other an Ilford filter No. 604. The transmission of the neutral filters and wedges 
was measured by ourselves for green light (see Pirenne et al. 1957). as 


f 
| 
| 


180 F. H.C. MARRIOTT AND OTHERS 


Although the area of the retinal image is known approximately from optical characteristics of 
the cat’s eye, it was determined directly for these experiments in the following way. At the com- 
pletion of the experiment the eye which had been illuminated was removed and placed in the 
same position relative to the apparatus as during the experiment. By using the maximum intensity 
of the light source it was possible to see the circular image of the Maxwellian field through the 
sclera and to measure its diameter. Allowing for the thickness of the sclera, taken as 0-47 mm, 
the area of the retinal image was then calculated. Preliminary experiments with excised eyes 
were performed to determine the appropriate position for the eye relative to the condenser lens 
to give a large clear image. The Maxwellian field subtended an angle of approximately 66° at the 
eye of the cat. This part of the apparatus was demonstrated to the Physiological Society (Morris & 
Pirenne, 1957). 


Fig. 1. Diagram of the optical apparatus for illuminating the cat’s eye in Maxwellian view. The 
light source L consists of part of an opal bulb screened by the diaphragm D. Light from L 
passes through the photographic shutter P, the neutral wedges W, the neutral filter F,, the 
colour filter F,, and the condenser lens C. An image of L, smaller than the cat’s pupil, is 
formed in the cat’s eye H. The cat is enclosed in a box of which only the parts of the wall 
next to the condenser are shown. 7' is a photo-diode to record the duration of the light 
exposures. Screening for stray light between the source L and the condenser C is not shown 
in the diagram. 


Thresholds are expressed as the retinal illumination in ergs/sec x cm* (retina) and in hy/sec x cm? 
(retina). The conversion of the threshold energy to number of quanta allows for the relative 
scotopic efficiency of wave-lengths shorter and longer than 0-507 » transmitted by the green filter. 
The human scotopic visibility curve, which is similar to that of the dark-adapted cat (Gunter, 
1952), was used for this calculation. Small differences between the two curves would have a 
negligible effect on the threshold values calculated. 

The electrophysiological technique was essentially the same as that used by Erulkar & Fillenz 
(1956, 1959). The cats were anaesthetized with an initial dose of Nembutal (pentobarbitone 
sodium, Abbott.) of 40mg/kg body weight. The anaesthesia was maintained by supplementary doses 
of 18 mg. The skull was opened and the lateral geniculate body was exposed by sucking away the 
overlying brain tissue. The pupil was dilated with 1 % atropine solution, the nictitating membrane 
cut away and the eyelid sutured back. The cat’s head was firmly clamped and placed so that a 
large clear image was likely to be formed on the retina. Recordings were made from the lateral 
geniculate body contralateral to the eye illuminated. 

The electrodes were made from 5, platinum core Wollaston wire threaded into a glass shell. 
The electrode was mounted on the head clamp and could be inserted slowly into the geniculate 
by a fluid drive. The indifferent electrode was attached to the skin at the base of the neck. The 
electrodes were connected through a high discrimination preamplifier and a three stage balanced 
main amplifier to a cathode ray tube and loudspeaker. The opening of the shutter was recorded 
on a second beam of the cathode ray tube from a germanium photodiode (7', Fig. 1) situated 
between the shutter and wedges. The responses displayed on the cathode ray tube were recorded 


Activity in lateral geniculate body units of a cat, dark-adapted for at least 30 min, was recorded 
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in response to 2-3 sec flashes of green light presented at intervals of a few seconds. Each threshold 
determination was made from an increasing or decreasing sequence of flashes at intensity steps 
of 0-2 log,, unit. These sequences included intensities well above and below threshold and usually 
covered a range of about 4 log,, units. 


The thresholds of two dark-adapted human subjects were measured with the same optical 
apparatus. The position of the head was maintained by biting on a dental impression. 


RESULTS 


Nine thresholds recorded from the lateral geniculate body are shown in Table 1. 
The threshold was taken as the lowest intensity down to which definite 
responses to illumination were obtained. Four different types of response 
were recorded, namely ‘on’ discharges, ‘off’ discharges, ‘on-off’ discharges, 
and a decrease in the frequency of ‘spontaneous’ discharges during illumina- 
tion. The responses were obtained from multiple unit preparations except for 
preparations 5 and 6 which were single units giving an ‘on’ discharge. 


| 
Threshold retinal illumination 
Equivalent hy 
Preparation Area of retinal (0-507 y)/ 
no. Type of response image (cm?) Ergs/sec.cm* sec.cm? 
‘Off’ di 1-14 10-7 1-7 x 10° 
2 Suppression of 1-74 5-9 x 10-* 1-0 x 10° 
spontaneous activity 
3 ‘On/off’ discharge 1-36 6-8 x 10-* 1-2 x 108 
+ ‘On’ discharge 1:77 1-4 x 10-5 2-3 x 10° 
5 ‘On’ discharge 1-74 16 x10-° 2-7 x 10° 
6 ‘On’ discharge 1-74 2-5 x 10-5 4-4 x 10° 
7 ‘On’ discharge 1-74 41x10 7-1 x 10° 
8 ‘On’ discharge 1-77 9-4x10-5 1-6 x 107 
9 Su ion of 1-75 » 17x10 2-9 x 10 
spontaneous activity 


The threshold for preparation 1 is the mean of eight determinations, each 
based on an ascending or descending sequence (see Methods). The thresholds 
for preparations 2, 4 and 5 are means of two determinations and the remaining 
thresholds are derived from a single sequence. 

No spontaneous activity was recorded from preparations 5, 6 and 7. In the 
other six units the rate of spontaneous activity was roughly estimated by 
counting the number of impulses in a given time; it ranged from 1 to 13 
impulses/sec. | 

Preliminary results which lie within the range of those in Table 1 have been 
reported by Pirenne (1958). 

The mean threshold for two human subjects was 1:2 x 10-7 erg/sec x cm? 
(retina). This is in good agreement with the mean value of 9-09 x 10-* erg/sec x 
cm* obtained by Pirenne et al. (1957) for 22 young subjects. 
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DISCUSSION 


Bridgeman & Smith (1942) found a mean threshold value of 2-6 x 10-7 cd/m? 
of white light for the intact cat using a behavioural method. Gunter (1951), 
using a similar method, found a mean threshold of 3-2 x 10~* cd/m*; he also 
found a mean threshold of 1-7 x 10~-* cd/m? for two human subjects using the 
same apparatus. 

To compare these results with those in Table 1, it is necessary to convert them to retinal 
illumination of monochromatic light of wave-length 0-507 », equivalent to the white light. This 
requires a knowledge of the colour temperature of the white light used, the power and pupil 
size of the eyes, and the spectral sensitivity curve of the cat. Bridgeman & Smith did not specify 
the colour temperature. Gunter gave the colour temperature of his source as 3000° K, and in a 
later paper (Gunter, 1952) found a spectral sensitivity curve for the dark-adapted cat very similar 
to the human scotopic curve. He did not record the power and pupil sizes of the eyes of his cats. 

Hartridge & Yamada (1922) give the power of the unaccommodated cat’s eye as 60 dioptres and 
the dilated pupil diameter as 1-5 cm. A number of pupil measurements which we have made on 
cats’ eyes gave a mean diameter of 1-3 cm. We also estimated the power of two eyes by measuring 
the distance on the sclera between the images of two small light sources 1 m or more from the eye. 
This gave a power of 80 dioptres, which agrees much better than 60 dioptres with the power 
suggested by the measured retinal areas of the images of the 66° Maxwellian field (see Table 1). 
The transverse diameter of the two eyes was 2-1 cm; the diameter of fifteen other cats’ eyes ranged 
from 2-0 to 2:2 cm. In all the calculations below we have assumed a power of 80 dioptres and a 
pupil diameter of 1-3 cm for the cat, and 60 dioptres and 0-8 cm for the human eye. We have also 
used the human scotopic sensitivity curve for both man and cat. It must be realized that the 
calculated figures are only very approximate owing to the incompleteness of the available data. 


On this basis, the threshold value for the cat given by Gunter corresponds 
to 2-4x10-’ erg/sec x cm? (retina). For man, Gunter’s value gives 2-7 x 
10-? erg/sec x cm? compared with 9-09 x 10-* erg/sec x cm* given by Pirenne 
et al. (1957). ? 

The value 2-4 x 10~* erg/sec x cm? is about one-third of the retinal illumina- 
tion corresponding to the threshold of the most sensitive unit in Table 1. 

Barlow et al. (1957) measured the absolute threshold of a response recorded 
from ganglion cells in the cat’s retina, using a 14-5° field and 0-38 sec exposure. 
The thresholds ranged from 4-2x10-* to 2-7x 1075 erg/sec xcm*, that is 
about 18-110 times the value for the intact cat calculated from Gunter’s 
results. 

The difference in threshold between intact animals and electrophysio- 
logical preparations is not surprising. The possible effects of anaesthetics and 
surgical procedures are not known. Furthermore, the electrophysiological 
records discussed here are taken from single nerve cells or small groups of 
cells. Behavioural thresholds may correspond to a response in the most 
sensitive of all the unit stimulated; there may be only a small chance of 
selecting the most sensitive unit in electrophysiological preparations in which 
recordings are made from a small number of cells. 

The lowest retinal illumination in Table 1 (preparation 1) seems to be the 
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lowest ever recorded from an electrophysiological preparation. It is, however, 
still about three times above the mean threshold found by behavioural 
methods. 

The drawings of Schultze (1866) suggest that the rods of the cat retina are 
similar in arrangement to those of man but only about 0-75 times the diameter. 
Taking an average value (Denton & Pirenne, 1954) of 13-4 million rods per cm? 
for the human periphery calculated from Osterberg’s (1935) data, and multi- 
plying by a factor (1/0-75)? gives 23-8 million rods per cm? for the cat. On this 
basis the retinal illumination at threshold in preparation 1 corresponds to a 
mean of 0-007 quantum at the cornea per rod per sec. Leboucg (1909) also 
states that the rods of the cat are smaller than those of man. Probably the 
value 0-007 is rather too large. In any case, the threshold must correspond to 


a level at which only a small proportion of the rods receive even a single 
quantum during the exposure time.* 


* Note added in proof. Mr E. H. Leach has prepared for us horizontal sections of the cat’s 
retina and measured the spacing of the rods. From this we calculate the density of them at 46 
million per em*, The eye was fixed in Bouin’s fluid and embedded in nitrocellulose. The inevit- 


able shrinkage during the histological procedure has béen ignored in this calculation; it is 
unlikely to have exceeded 10%. 


SUMMARY 


1. Recordings were made from the lateral geniculate body of the dark- 
adapted anaesthetized cat. The contralateral eye was illuminated with green 
light of variable intensity. 

2. The visual threshold, the minimum light intensity at which responses 
to light were obtained, was measured. The value was expressed as retinal 
illumination in energy units and in equivalent quanta of monochromatic light 
of wave-length 0-507 p. 

3. The lowest threshold obtained was 7:4 x 10~? erg/sec x cm? (retina). 
This is about three times the threshold of the cat found by Gunter (1951) 
using behavioural methods. 


We are indebted to the Nuffield Foundation for their support in connexion with apparatus 
expenses. Two of the authors (F.H.C.M. and V.B.M.) are recipients of Medical Research Council 
personal grants. We are grateful to Dr 8. D. Erulkar and Dr Marianne Fillenz for demonstrating 
their electrophysiological technique to us. 
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n-BUTYRIC ACID AND £-ALANINE 
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(Received 8 December 1958) 


It is now generally accepted that the processes of synaptic excitation and 
inhibition within the mammalian nervous system are chemical in nature 
(cf. Fatt, 1954; Eccles, 1957). It may therefore be expected that the respon- 
sible transmitter substances would be present in extracts of neural tissue. 
Consequently, the presence of y-amino-n-butyric acid (GABA) within such 
extracts (Bazemore, Elliott & Florey, 1956) together with the finding that 
GABA appeared to diminish activity within the cerebral cortex (Hayashi & 
Nagai, 1956; Purpura, Girado & Grundfest, 1957) led to the plausible assump- 
tion that GABA had a specific function within the nervous system. In parti- 
cular it has been postulated that GABA depresses excitatory post-synaptic 
potentials (Purpura, Girado & Grundfest, 1957, 1958; Iwama & Jasper, 1957). 
However, investigations upon other preparations including the crayfish 
stretch receptor (Edwards & Kuffler, 1957), the perfused lobster heart (Enger 
& Burgen, 1957), the lobster cardiac ganglion (Maynard, 1958) and the iso- 
lated mammalian ileum (Hobbiger, 1958) show that GABA has a depressant 
action upon a wide variety of tissues. The present investigation has been 
carried out in order to determine the effect of GABA and substances of related 
structure upon neurones within the spinal cord of the cat. A preliminary 
report has been published (Curtis & Phillis, 1958). 


METHODS 


All experiments have been carried out upon neurones within the lower lumbar and upper sacral 
segments of spinal cats (cord cut at L1 level), lightly anaesthetized with pentobarbital sodium 
and maintained at constant temperature (35-37° C). The exposed spinal cord was covered with 
warmed paraffin oil retained by the skin flaps. In most experiments the ventral roots of the first 
and second sacral (S 1, 2) and the sixth and seventh lumbar (L6, 7) segments were divided and 
mounted on platinum electrodes for stimulation. Cutaneous and muscular branches of the left 
sciatic nerve were cut and mounted on stimulating electrodes, the exposed nerves being covered 
with paraffin oil. The quadriceps (Q) nerve was stimulated by means of buried electrodes. The 
animal was mounted in a frame of extreme rigidity to which was also attached the micro- 
manipulator carrying the micro-electrode (Eccles, Fatt, Landgren & Winsbury, 1954). 
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Pharmacological investigations of either single cells or groups of cells were carried out using 
double-barrel, five-barrel or coaxial electrodes. The five-barrel electrodes (Curtis & Eccles, 1958) 
consisted of four Pyrex tubes fused to a central recording barrel containing 4m-NaCl. The total 
tip diameter was 6-14 » and the resistance of the recording barrel measured 3-8 MQ in the spinal 
tissue. The four ‘drug containing’ barrels contained solutions of the substances under investi- 
gation. In order both to prevent the free diffusion of the substances from the electrodes by 
maintaining a ‘backing potential’ upon them (cf. del Castillo & Katz, 1955), and to pass sub- 
stances from the electrodes by the passage of current through them, it was preferable that the 
dissolved active material should be predominantly cationic or anionic in nature. In early experi- 
ments aqueous solutions without pH alteration were used, the substances being passed from the 
electrode mainly by electro-osmosis. Results indicated, however, that this method of appli- 
cation was unreliable, for in spite of a constant current flow through the electrode the effect 
appeared to diminish with time. Consequently, the pH of the solutions was altered with either 
HCl or NaOH in order to confer the required over-all charge upon the amino acids. Since control 
experiments indicated that interneurones could be excited by hydrogen ions passed from acidified 
NaCl solutions of pH less than 2, the pH of the amino-acid solutions was never below 2:5. 

An important problem concerning the use of multi-barrel electrodes arises from the resistive 
coupling between the tips of separate barrels (cf. Coombs, Eccles & Fatt, 1955a). The possibility 
exists that current flow within this coupling resistance, due to the application of a potential to 
any one barrel, might cause the passage of material from an adjacent barrel, so giving a spurious 
impression of the effect of the substance in the barrel being investigated. However, several pre- 
cautions were taken so that the effects of coupling would be negligible: the resistive couplings 
between barrels were usually less than 20 kQ, the electrophoretic currents used to pass sub- 
stances from electrodes rarely exceeded 500 myA and a constant ‘ backing’ potential of 0-5 V was 
maintained on all other barrels. Final proof in any instance, however, depended upon the failure 
of comparatively high currents through the central NaCl-containing barrel to interfere seriously 
with the passage of substances from the surrounding drug-containing barrels. All the main 
results were nevertheless checked by using double-barrel electrodes, one barrel containing NaCl 
for recording, the other containing the solution of the substance under test. 

When the effect of one substance upon the action of another was being determined, they were 
placed in diametrically opposite barrels of the five-barrelled array, the resistive coupling between 
these being lower than that between adjacent barrels. However, in many instances one substance 
was cationic and another anionic. Consequently, current passing one of them out of a barrel 
would not only tend to prevent the other diffusing away from the neighbourhood of the tip of the 
electrode, but might even remove it from this area into the barrel containing the oppositely 
charged ion, thus interfering with the assessment of their interaction. Where possible in such 
instances, further electrodes were prepared in which the pH of the solutions was adjusted to 
confer similar charges on the substances. 

The coaxial electrodes, fashioned from two Pyrex tubes, consisted of a central barrel containing 
0-6 m-K,SO, (resistance 8-15 MQ) and an outer barrel of tip diameter 6-12 4. Both tubes were 
rigidly attached to a small assembly which permitted adjustment of the distance by which the 
central recording barrel projected beyond the outer drug-oontaining barrel. This distance was of 
the order of 60 1. The minimum distance was limited by the necessity for recording intracellularly 
with the central barrel and passing amino acids from the outer barrel into the immediately adjacent 
extracellular spaces. As with five-barrel electrodes an appropriate constant ‘backing’ potential 
was applied to the outer barrel. Compensating circuits (Coombs, Curtis & Eccles, 1959) were used 
so that current pulses could be passed through the recording electrode in order to test the excit- 
ability of the impaled cell. The resistive coupling between barrels was usually less than 20 kQ 
and this value has been allowed for when determining alterations in resting potential due to 
electrophoretic application of material from the extracellular outer electrode. The capacitative 
coupling (20-50 pF) between barrels prevented the simultaneous recording of the intra- and extra- 
cellular spike potentials of impaled cells. The potentials recorded by means of the outer barre! 
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consisted of the comparatively small extracellular potentials generated by cells together with a 
first derivative, with reapect to time, of the spike potentials recorded by the inner electrode. This 
latter component was often approximately 50% of the intracellular spike size. Further, the 
capacitance to earth of the intracellular electrode led to a comparatively large input time constant 
of the recording system. Spike potentials were diminished by as much as 50%, but this was of 
little consequence because spike size was not a consideration in the assessment of results. The 
resting potential of impaled cells was monitored continuously on a paper recorder. The electrodes 
filled with K,S80, solution almost invariably suffered large alterations in resistance during their 
passage through the spinal tissue. Thus the tip potential (cf. Adrian, 1956) and therefore the 
accuracy with which the resting potential of cells could be measured varied considerably. In cells 
that are damaged by an impaling electrode the resting potential diminishes with time, and the 
maintenance of a constant resting potential can be taken as one indication that the cell is in a 
relatively undamaged state. Since excitatory and inhibitory post-synaptic potentials (EK and 
IPSP’s) have slower rising phases than have full spikes, these potentials were distorted to a lesser 
degree by the capacitance of the recording system to earth. Thus another indication of the state 
of the cell was given by the size of these potentials and in particular the size of the EPSP which 
could just evoke an orthodromic spike potential. 


| 
Molarity Predominant 
(Mm) pH Solvent ion species 
y-Amino-n-butyric acid 4 2-5-3 ' Ho Cation 
y-Amino-n- butyric acid 2 11-12 NaOH Anion 
B- Alanine 4 2-5-3 HCl Cation 
p- 2 11-12 NaOH Anion 
L-Glutamic acid 2 8-5 NaOH Anion 
Acetylcholine bromide 2 4 Water Cation 


Table 1 shows the substances used in the present investigation together with the pH, the nature 
and approximate molarity of the solution and the predominant ionic species present in each case. 
In the case of B-alanine and GABA, the possibility that the observed effects were not due to the 
amino acids specifically, but arose from general ionic redistribution due to the current flow, was ex- 
cluded by applying these acids with currents of opposite direction. Identical results were obtained 
using GABA or f-alanine in either the cationic or anionic state. It will be convenient to refer to 
currents as cationic or anionic when active cation or anion respectively is passed from the 
electrode. 


RESULTS 


The results presented here are necessarily qualitative in nature because the 
method of iontophoretic application does not permit an accurate assessment of 
the amount applied (del Castillo & Katz, 1957), and the actual distance from 
the electrode tip to the cell under observation is difficult either to control or 
to assess (cf. Curtis & Eccles, 1958). Both GABA and f-alanine have been 
applied with similar results to interneurones, motoneurones, small moto- 
neurones and Renshaw cells. It is convenient to classify the results according 
to the type of cell being investigated. 


I nterneurones 
Cells which lie within the dorsal horn and intermediate region of the spinal 
cord, and which fail to respond to an antidromic ventral root volley, have been 
classified as interneurones. An orthodromic volley usually causes these cells 
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to respond repetitively, initially at high frequency (McIntyre, Mark & Steiner, 
1956). There is usually a considerable convergence of afferent fibres upon any 
one cell (cf. Eccles, 1957). In addition, cells of this type fire repetitively to 
iontophoretically applied glutamic acid (cf. Curtis, Phillis & Watkins, 1959). 
An extracellular electrode not only records the spike potentials of single cells 
in close proximity, but also the slower field potentials due to the excitation (or 
inhibition) of the more remote interneurones. The distribution and nature of 
these potentials has been reported previously (Eccles, Fatt & Landgren, 1956; 
Coombs, Curtis & Landgren, 1956) and it is clear that negative ‘focal synaptic 
potentials’ (cf. Brooks & Eccles, 1947) are created by current flowing from 
relatively remote sources towards actively depolarized membranes located near 
the electrode tip. 


D F 


Fig. 1. Potentials recorded by one barrel of a five-barrel micro-electrode from the dorsal horn of 
the spinal cord and evoked by a volley in all myelinated afferent fibres of the superficial 
peroneal nerve. A and B, controls; C, D, 4 and 6 sec, respectively, after a cationic current of 
40 mpA passed GABA from the electrode; ZF and F, 2 and 4 sec, respectively, after the 
cessation of this current. Calibration, 2 mV for all records; time, msec. 


msec 


The effect of GABA upon such negative field potentials is shown in Fig. 1. 
The control responses A and B, evoked by maximal stimulation of the peroneal 
nerve, consist of a small triphasic response, signalling the volley arrival at the 
surface of the cord, followed by a larger irregular negative potential having 
smaller spike potentials superimposed upon it. Subsequent to record B, 
a cationic current of 40 muA was passed through the GABA barrel and 
records C and D were taken 4 and 6 sec later, respectively. The backing 
potential was then restored to this barrel, the responses E and F being recorded 
2 and 4 sec later. The spike responses were diminished in number and size by 
GABA, but more noticeable is the effective diminution of the negative focal 
synaptic potential with conversion of its latter phase to a positive potential. 
All effects were rapidly reversible, and similar results were obtained with 
B-alanine. For example, Fig. 2 illustrates the depressions of the negative field 
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potential, from another experiment, due to constant currents flowing from the 
f-alanine (A) and GABA (B) barrels of a five-barrelled electrode for the 
indicated times. Characteristically both the onset and offset of the effects 
were rapid, and for a given percentage change less current was necessary 
through the B-alanine barrel than through that containing GABA. Also, for 
any one field, -alanine had a constant depressant action during the main- 
tenance of a constant current, whereas with GABA the depression reached an 
early maximum and then progressively declined to a plateau. 


A 


L 


Fig. 2. A. Upper beam: negative focal potential recorded at 1-sec intervals from dorsal horn by the 
central barrel of a five-barrel electrode, in response to maximal stimulation of all fibres of the 
tibial nerve. Lower beam, current flowing through the barrel containing f-alanine. 

B. As for A: the lower beam has been displaced and records current passing through the 
barrel containing GABA. Calibration, 2mV for upper beams; 100 mpA for lower. Time 
5 sec, the individual records being 1 sec apart but of approximately 20 msec duration. 


When the electrode was close to a single cell, orthodromic spike responses of 
1-2 mV were obtained, the spikes usually being diphasic, an initial negativity 
being followed by a smaller positivity. As is shown in Fig. 3B, these ortho- 
dromic spike responses were effectively blocked by B-alanine, the action again 
being readily reversible. GABA had a similar effect. Because of the con- 
vergence of many afferents upon single interneurones, classification of these 
cells is difficult. However, B-alanine and GABA effectively blocked all types 
of cells found, including those responding to volleys in both skin and muscle 
afferent fibres of low and high threshold. In addition, the responses of these 
cells to glutamic acid were blocked, as is indicated in Fig. 3H. This cell, fired 
orthodromically by a volley in peroneal afferent fibres, also responded repeti- 
tively at a relatively uniform frequency to glutamic acid applied as an anion 
from one barrel of the electrode (Fig. 3.D). When f-alanine was passed out of 
another barrel as a cation, the glutamic acid which was still being applied was 
ineffective (Fig. 3). Again this action of B-alanine was reversible, as is shown 
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in Fig. 3F 2 sec after the current passing B-alanine was turned off. Similar 
results were also obtained when f-alanine was passed as an anion (see 
Methods). 


ve 


10 msec 
Fig. 3. A-C,. Spike potentials of an interneurone, evoked by stimulation of the superficial 
peroneal nerve. The spikes are imposed upon a negative focal synaptic potential, A before, 
B during and C after a cationic current of 80 myA was used to pass f-alanine into the vicinity 

of the cell. Calibration, 2 mV; time, msec. 

D-F. Spikes evoked by continuous application of glutamic acid to a dorsal horn cell 
using an anionic current of 50 mpzA. This cell was fired orthodromically by impulses in 
peroneal fibres; D before, during and F after a current of 80 myA passed f-alanine from 
another barrel of the same electrode. The responses were recorded on moving film with less 
than 5 msec between sweeps. Calibration, 1 mV; time, 10 msec. 


Motoneurones 


B-Alanine and GABA both diminished the focal potentials produced by 
either orthodromic or antidromic activation of motoneurones. For example, 
the control records of Fig. 4A and B show potentials recorded by a micro- 
electrode in the biceps-semitendinosus (BST) nucleus of the L7 segment, in 
response to stimulation of the Group I fibres of the BST nerve, the gastro- 
cnemius (G) nerve and all fibres of the L7 ventral root (AD). Since the tip of 
the electrode was in closer proximity to BST motoneurones than to G moto- 
neurones, the potential evoked by the monosynaptic excitatory action of the 
BST volley was larger than that similarly evoked by the G volley. After B, 
a cationic current of 110 muA was passed through the GABA barrel and the 
records C, D, E and F were taken 1, 2, 5 and 6 sec later. The antidromic 
potential was reduced to about 50% of the control value, the BST ortho- 
dromic potential was abolished in Fig. 4C and reversed to positivity in 
D-H, whereas the gastrocnemius potential remained virtually unaltered. 
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After record F had been obtained, the GABA flow was terminated and 
records @, H, I and J were taken 1, 2, 9 and 10 sec later, showing that the 
depressant action was readily reversible. 


lation of the Group I fibres of the biceps itendi (BST) and gastrocnemius (G) nerves 
and all fibres of the L7 ventral root (AD). The lower beam indicates current flowing through 
another barrel of the electrode which contained GABA. A, B, controls. A current of 110 mpA 
then passed GABA from the electrode, C, D, # and F being recorded 1, 2, 5 and 6 sec 
later. The current then ceased, G, H, J and J being recorded 1, 2, 9 and 10 sec later. Calibra- 
tion, 2mV, 100 myzA; time, msec. 


Again Fig. 5 shows results from another experiment in which orthodromic- 
ally evoked potentials were recorded from one barrel of a double micro-electrode 
in the BST nucleus in response to a BST Group I volley (A—F) and a quadriceps 
(Q) Group Ia volley (G—J). The record D shows extracellularly recorded spike 
potentials evoked by monosynaptic excitation, whereas in G the Q volley 
produced a complex positive potential which consisted of extracellularly 
recorded inhibitory post-synaptic potentials (IPSP), superimposed upon a 
positive field potential produced by current flowing from the terminals to the 
bodies of the more dorsally placed relay cells of the ‘direct’ inhibitory pathway 
(cf. Curtis, 1959). The potentials A-C, at a faster sweep speed, demonstrate 
the diphasic presynaptic spike potential preceding the BST focal synaptic 
potential, and will be discussed later. The other barrel of this electrode con- 
tained GABA and 2 sec before the records of B and E, and 7 sec before those 
of H, a cationic current of 100 muA was caused to flow through it. The ortho- 
dromically evoked spike potentials produced by the BST volley were abolished 
(EZ) and the small, slower negative potential from which they arose was con- 
verted to positivity. However, the small reduction of the quadriceps positive 
potential (the difference between the tracings of Fig. 6A) is similar to that 
produced by intravenously administered strychnine (Fig. 6B; Curtis, 1959) 
and corresponds to the depression of the IPSP’s. Thus these results indicate 
that GABA not only blocks the excitation of motoneurones, both orthodromic 


and antidromic, but also prevents the production of IPSP’s. 


Full confirmation of these findings was obtained when coaxial electrodes 
were used to record intracellular potentials. The results of Fig. 7 were obtained 
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whilst recording from a flexor digitorum longus (FDL) motoneurone. The 
resting potential was 55-60 mV for a period of 90 min, the fast spike potentials 
of A, D, E and G being attenuated considerably by the recording equipment. 
The outer barrel of the electrode contained f-alanine; its tip was 60 uw from 
that inside the cell and it failed to record any resting potential throughout the 
period of observation. Hence, it can be safely assumed that this tip was 
extracellular in position, but there is no certainty as to how far it was from 
the surface of the cell. 

Five seconds after a current of 450 myA started to pass B-alanine from one 
barrel of the electrode the orthodromic spike potential (A) was suppressed, 
leaving only a small EPSP (B). This current was then turned off and the 
responses C and D were recorded 10 and 40 sec later, respectively. The spike 
slowly recovered in stages, recovery of the full SD spike (in some D records) 


msec 

Fig. 5. Upper beams. Potentials recorded extracellularly at the same focus within the BST 
motonucleus of the L7 segment. A-—¥F': stimulation of the Group I fibres of the BST nerve, 
the records A-O at faster sweep speed to show details of the presynaptic spike. G—J: stimu- 

lation of Group Ia fibres of quadriceps. Negativity recorded as an upward deflexion. 
Lower beams. Potentials recorded from the dorsal surface of the L7 segment and evoked 
by the corresponding volleys. Negativity recorded as a downward deflexion. A, D, G, control 
responses; B, H and H during the passage of GABA by a cationic current of 100 mA from 
the electrode; C, F and J 10sec after the cessation of this current. Calibration, 500 pV for all 
extracellular records; time: msec for A—C beneath (; msec for D-I beneath J. Each record 

consists of 25 superimposed traces. 
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following that of the IS (in some C records) (cf. Coombs, Curtis & Eccles, 
1957). Similarly, the antidromic spike (£) which occasionally failed to 
invade the SD region was converted to an IS spike (F) by f-alanine, full 
recovery (@) taking place after the application of f-alanine had ceased. 
Although not seen in this cell, it was often possible to block the antidromically 
evoked IS spike leaving an M spike only (cf. Coombs et al. 1957a). 


A 


——— GABA 
Fig. 6. A. Full line, tracing of Fig. 5G; broken line, tracing of Fig. 5 H whilst GABA was passing 
from the electrode (see text). 

B. Tracing of potentials recorded from the BST nucleus in response to volleys in the 
Group Ia quadriceps fibres (Q) and the Group I BST fibres (see text). Full line, control; 
broken line, during the application of GABA from the electrode; dotted line, after the 
administration of strychnine salicylate intravenously; dot-dash line, during the subsequent 
passage of GABA from the electrode. 


The monosynaptic EPSP produced by volleys in the FDL nerve (Fig. 7 H) 
was reduced in size by f-alanine, the responses of (I) being recorded 90 sec 
after a current of 200 mA was started through the f-alanine barrel. This 
current ceased immediately after J and the response J was recorded 90 sec 
later. Similarly, the IPSP (Fig. 7K) produced by a volley in the peroneal 


nerve (after a small initial EPSP) was almost abolished (L) after 60 sec of 
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B-alanine (200 mA), but had recovered as shown by M, 3 min later. The 
coupling resistance between the barrels of this electrode was less than 8 ki) 
and the passage of the iontophoretic currents produced less than 1 mV altera- 
tion in the recorded resting potential of the cell. 

_ The observations of Fig. 7H-M might be taken to indicate that, whereas 
the IPSP was effectively abolished by f-alanine, the EPSP was only de- 
pressed. However, in other cells it has been possible to abolish both types of 
post-synaptic potential, although usually the inhibitory potential was more 
sensitive. 


Fig. 7. Intracellul t 1s recorded from an FDL motoneurone of resting potential 65-60 mV. 
K,SO, electrode. A-D, maximal stimulation of the FLD nerve; 2-G, stimulation of the L7 
ventral root; H—J, stimulation of Group I FLD afferent fibres; K—M, stimulation of peroneal 
nerve. A, HZ, H, K, control response; B, C, F, I and L recorded during the passage of 
8-alanine on to the surface of the cell; |D, G, J and M recorded after this flow ceased (see 
text). Calibrations: 40 mV for A~-G; 2mV for H-J; 2mV for K—M. Time: msec for A—J 
(below G); Lv msec for K-M (below XK). All records consist of 20-30 superimposed traces. 
Increased negativity is signalled by downward deflexion. 


Observations upon the resting potential during the passage of f-alanine 
showed that this substance neither depolarized nor hyperpolarized the cell 
membrane, even in doses that abolished spike and post-synaptic potentials. 
For instance in Fig. 8, the trace A records the resting potential of a gastro- 
cnemius motoneurone which was impaled by an electrode containing K,S0,. 
The outer electrode of this coaxial pair contained f-alanine, which was pre- 
vented from diffusing out of the electrode by a constant anionic current of 
130 mpA. Thirty seconds after the beginning of the record, a total current of 
310 mpA carried f-alanine from electrode for 37 sec. Of this amount only 
180 muA would be fully effective, the other 130 muA being counteracted by 
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the backing current which was maintained throughout. Similarly, as is indi- 
cated by the current record B, a further dose of B-alanine was applied with a 
lower effective current of 80 muA. Later in the series, equivalent currents but 
of the reverse direction produced small alterations in the recorded potential 
due to current flow in the volume conductor separating the two electrode tips. 
The changes in potential recorded by the intracellular electrode during the 
application of B-alanine are virtually mirror images of the alterations produced 
by these currents of opposite direction, and hence are due to field potentials 
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Fig. 8. A, resting potential (mY) of a gastrocnemius cell charted with an ink recorder over a 
period of 260 sec. B, current (mpA) passing through the outer barrel of the coaxial electrode 
which contained f-alanine; positive deflexion indicates the passage of f-alanine from the 
electrode." C, each point is the size of a current pulse of 0-5 msec duration which is just 
threshold for production of a direct spike response. A, B and C recorded simultaneously. 
D, B, F are typical of the records from which C has been drawn, corresponding respectively 
to d, ¢ and f: upper beam from the intracellular electrode, the spike being preceded by an 
artifact due to the current pulse; lower beam, current pulse. 

G0, intracellular records obtained from the cell before or after A—F (see text). G, J and M 
control antidromic spike, monosynaptic EPSP and polysynaptic [PSP generated by ventral 
root, gastrocnemius nerve and peroneal nerve stimulation, reepectively. H, K and N 
recorded during the application of f-alanine using currents of 310 mpA; J, L and O after- 
wards. Time marker; sec for A—C; msec for D-O. 

13-2 


Eso 4 
F j 
| 
— 
msec msec 
msec msec 


196 D. R. CURTIS, J. W. PHILLIS AND J.C. WATKINS 


generated by the applied currents and do not indicate that f-alanine has a 
specific effect upon the resting potential of the cell. This investigation has been 
repeated on at least eight different motoneurones with similar results. When 
larger currents have been used, several cells have shown a small depolarization 
which developed after 10-15 sec, possibly as a consequence of damage to the 
membrane. 

During the series of Fig. 8A and B the effect of B-alanine upon antidromic 
and post-synaptic potentials was not determined. However, tests performed 
on this cell just before (M—() and immediately after (G—L) the series of A and B 
indicate that simildr-amounts of S-alanine had a reversible depressant action 
upon the antidromic spike and post-synaptic potentials. Thus the antidromic 
spike (@) was converted to an IS spike (H) which recovered completely (/) after 
the cessation of the application of B-alanine. The control EPSP (J) and 
IPSP (M) were effectively reduced in size (K, N), again recovering completely 
(L, 0). | 

However, in spite of the absence of a specific effect upon the membrane 
potential of the cell, 8-alanine produced a definite increase in the threshold of 
the cell to direct stimulation. The points of Fig. 8C plot the magnitude of a 
current pulse of 0-5 msec duration which stimulated the cell in 50% of the 
tests when applied via the intracellular electrode. This series was recorded 
simultaneously with the membrane potential of (A) and the current of (B) 
and indicates that whilst B-alanine was being applied to the cell, a larger 
current pulse was necessary to elicit a spike response. Typical records from this 
series are arranged in Fig. 8D-—F, the records corresponding to the points 
d, e and f of Fig. 8C. After the cessation of the amino-acid application the 
excitability of the cell returned to normal. These results therefore indicate 
that B-alanine produced an increase in the threshold of the cellular membrane, 
a finding which is in accordance with the failure of either orthodromic or anti- 
dromic spikes to invade the membrane under similar circumstances. 


Small motoneurones 


The small motoneurones of a muscle, giving rise to the y-efferent fibres, 
are distributed amongst the large or «-motoneurones within the ventral horn. 
(V. B. Brookes & D. R. Curtis, unpublished observations.) Spike potentials 
of these cells can be recorded when the cells are activated antidromically by 
a volley in their axons, identification depending upon the high threshold and 
low conduction velocity of the y-efferent fibres (Leksell, 1945). As is illus- 
trated in Fig. 94, when a peripheral muscle nerve is stimulated, the dorsal 
root being divided, an electrode within the motor nucleus of the appropriate 
muscle records the spike potential of the small motoneurone (marked with an 
arrow) after the positive—-negative potential caused by antidromic invasion of 
the large motoneurones. Several seconds after a cationic current of 20 muA 
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was caused to flow through the GABA barrel of the electrode, this large 
negative potential was diminished in size (as in Fig. 5) and the small moto- 
neurone spike abolished (Fig. 9B). Several seconds after the GABA current 
ceased, these changes were fully reversed (Fig. 9(). 


Renshaw cells 


Within the ventral horn of the spinal grey matter are a number of cells 
excited synaptically by acetylcholine released from the terminals of axon 
collaterals. These “Renshaw cells’ discharge repetitively in response to a single 
volley fired antidromically in the ventral root. (Eccles, Fatt & Koketsu, 1954) 
and are also stimulated by acetylcholine released from an electrode in their 
vicinity (Curtis & Eccles, 1958). 

The discharges of these cells are effectively blocked by both GABA and 
B-alanine. The typical repetitive synaptic responses of a Renshaw cell are 
shown in Fig. 10A. The iontophoretic application of GABA, produced by a 
cationic current of 50 muA, however, blocked these spikes (Fig. 10 B), recovery 
rapidly occurring after the current was terminated (Fig. 10C). Fig. 10D 
shows a series of spikes, recorded on moving film, and elicited by acetylcholine 
ejected, as a cation, from another barrel of the same electrode. Concurrent 
application of GABA, using a current of 30 muA, prevented these responses 
(Fig. 10) but acetylcholine was again effective (Fig. 10 F) immediately after 
cessation of the flow of GABA. 


| Presynaptic fibres 

Some of the previous results might possibly be explained by a blocking 
action of GABA or B-alanine upon presynaptic or axonal fibres, thus preventing 
the release of transmitter substances or the antidromic activation of cells. 
Several experiments were designed to determine the effect of GABA upon 
dorsal and ventral root fibres. However, as was reported by McLennan 
(1957), concentrations of either substance as high as 10-100 mg/ml. of 
buffered mammalian Ringer’s solution had no effect upon the conduction of 
impulses in these fibres. Further, the responses illustrated in Fig. 5 A-C indi- 
cate that GABA is also without effect upon impulses in the terminals of 
afferent fibres within the motoneurone area. The small positive-negative 
spike recorded in this region indicates impulses arriving at the terminals upon 
motoneurones (cf. Brooks & Eccles, 1947). As is illustrated in Fig. 5A, the 
orthodromic volley arrived at this region 0-21 msec after its arrival at the 
surface of the spinal cord, and is undiminished in size during (B), and after (C), 
the passage of an amount of GABA sufficient to block the orthodromic acti- 
vation (#) of the adjacent cells. 
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Fig. 9 Fig. 10 
Fig. 9. Potentials recorded extracellularly near BST motoneurones in the L7 segment, A before, 
B during and C after GABA was passed from the electrode. The L6, L7 and 81 dorsal roots 
were divided and the BST nerve was stimulated at an intensity five times the threshold 
stimulus of the large or alpha motor axons. The antidromic spike potential of the small 
motoneurone is marked with an arrow. Calibration, 1 mV; time, msec. 


Fig. 10. Responses of a single Renshaw cell to synaptic stimulation (A—C) and to iontophoretic- 
ally applied acetylchcline (D-—F) recorded from the central barrel of a five-barrel electrode. 
A, D, control responses; B, Z, during application of GABA, using a cationic current of 50 muA 
in B, 30 mpA in E; C, F, 10 sec after the cessation of the respective applications of GABA. 
Calibration, 0-5 mV for all records; time, 10 msec. 


Interaction with strychnine 

If GABA or B-alanine were the specific inhibitory transmitter of spinal 
neurones, it would be expected that their depressant action upon the acti- 
vation of cells would be effectively blocked by strychnine (Bradley & Eccles, 
1953; Curtis, 1959). However, as is indicated by the tracings of Fig. 6B, 
strychnine has no such effect. The control responses (full line) are the potentials 
produced within the BST nucleus of the L7 ventral horn by impulses in the 
quadriceps Group Ia afferent fibres (Q) and in the BST Group I fibres (BST). 
Both the positive (Q) and the negative (BST) responses are preceded by tri- 
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phasic spikes produced by the respective afferent volley arriving at the spinal 
cord. The Q potential also has a smaller spike (marked with an arrow) generated 
by impulses arriving at the terminals of the relaying interneurone (Eccles et al. 
1956). The passage of a current of 80 muA througno the barrel containing 
GABA produced changes as indicated by the broken line, observations which 
are in accordance with those on motoneurones (p. 191), namely a small 
reduction in the Q potential due to depression of IPSP’s and a diminution of 
the BST potential as a result of the depression of the excitation of moto- 
neurones. After the administration of 0-2 mg/kg strychnine salicylate, the 
BST potential was slightly increased and the fraction of the Q potential due 
to IPSP’s abolished (dotted line). Thereafter, a further application of GABA 
using the same current had no effect on the Q potential but again diminished 
effectively that due to the BST volley (dot-dash line). These results have been 
confirmed with B-alanine and indicate not only that intravenously administered 
strychnine, and locally applied B-alanine or GABA, prevent the setting up of 
IPSP’s, but also that strychnine has no effect upon the depression of excitation 
by these two substances. 
DISCUSSION 

There are numerous reports concerning the distribution of GABA within the 
mammalian central nervous system (cf. Roberts, 1956), but few concerning 
B-alanine. The occurrence of approximately 24 mg of free GABA per 100 g of 
brain (Tallan, Moore & Stein, 1954) and the higher concentration of this 
amino acid in grey compared with white matter (Roberts, 1956) conform with 
the postulate that GABA is a synaptic transmitter substance. This postulate 
is further supported by the observation that GABA parallels the action of the 
inhibitory transmitter substance of the crayfish stretch receptor (Edwards & 
Kuffler, 1957). This supporting evidence conflicts, however, with the fact that 
the depressant action upon spinal interneurones by f-alanine, which also 
occurs in brain though in exceedingly small amounts as the free acid (Tallan 
et al. 1954), is at least equal to and probably exceeds that of GABA. 

It has not been possible to obtain intracellular records from cells other than 
motoneurones, but the similarity of the action of GABA and of B-alanine 
upon all cells investigated suggests an identical action upon them. The resting 
potential of motoneurones was not altered, but the membrane became less 
excitable when tested by electrical pulses and by orthodromically or anti- 
dromically evoked depolarizations that usually produce spike potentials. 


Further, not only excitatory but also IPSP’s were diminished or even abolished 


and these effects of GABA and f-alanine were not blocked by strychnine. The 
effect upon the spike potentials of dorsal horn cells, small motoneurones and 
Renshaw cells was identical with the action upon motoneurones. In addition, 
GABA and f-alanine prevented the chemical excitation of dorsal horn cells by 
glutamic acid and of Renshaw cells by acetylcholine. These latter findings, 
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together with their ineffectiveness upon the potentials generated by pre- 
synaptic impulses (p. 195) excludes an explanation that GABA and f-alanine 
act by blocking presynaptic afferent fibres and so prevent the release of trans- 
mitter substances. It can therefore be postulated that the action of these 
substances is upon the membrane of neurones, not only that portion specially 
adapted for reaction to the synaptic transmitter substances, but also that which 
responds with a spike potential to electrical activation. 


For motoneurones, the excitatory and inhibitory transmitter substances 


produce specific permeability changes in the subsynaptic membrane (Coombs, 
Eccles & Fatt, 1955, c), the resultant ion redistribution producing the EPSP 
and IPSP, respectively. If the cell is surrounded by a large amount of the 
inhibitory transmitter, the membrane would be expected to become hyper- 
polarized to the equilibrium potential of the [PSP (cf. Coombs e¢ al. 1955). 
At this potential further inhibitory transmitter, released from presynaptic 
knobs, would be ineffective in altering the membrane potential, the membrane 
already being freely permeable to small ions. However, excitatory transmitter 
substances would still produce EPSP’s. These EPSP’s would be smaller than 
those occurring at the normal resting potential of the cell, for, in spite of the 
membrane hyperpolarization which would tend to increase them (Coombs et al. 
1955c), the increased permeability to small ions produced by the excess 
inhibitory transmitter would increase the membrane conductance. Thus the 
subsynaptic current produced by the action of the excitatory transmitter 
substance (cf. Eccles, 1957) would be largely shunted through the inhibitory 
patches and would not be available for effecting a depolarization of the surface 
membrane. A specific inhibitory substance applied externally to motoneurones 
would therefore be expected to hyperpolarize the membrane, abolish the 
orthodromically evoked IPSP’s and reduce the size of EPSP’s. However, 
GABA and f-alanine have no effect upon the resting potential of cells and can 
depress or abolish both the EPSP’s and IPSP’s. Further, the finding that 
intravenously administered strychnine does not prevent the action of either 
substance is additional evidence against their possible action as specific 
inhibitory transmitters. 

In spite of the absence of change in the membrane potential, the membranes 
of the initial segment and soma-dendritic areas are less excitable electrically. 
It has been demonstrated for motoneurones that the membrane of the initial 
segment has a threshold of approximately 10 mV, whereas that of the SD 


area has a threshold of 30 mV (Coombs, Curtis & Eccles, 19576). Thus it © 


would be expected that GABA and f-alanine, applied predominantly to the 
soma-dendritic membrane, would be more effective upon this membrane than 
that of the IS area. The complex antidromic spike would therefore be separated 
into its individual components, the degree of separation, however, depending 
upon the amino-acid concentration and distribution. As observed, it was more 
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usual to produce an I8-SD block and probably the difficulty experienced in 
blocking the IS spike elicited antidromically arose because of the distance 
between this area and the electrode applying the depressant agent. In order to 
ensure that the outer barrel of a coaxial electrode remained extracellular, it 
was necessary that the distance between tips should be at least 40 . Usually, 
however, a distance of 60 4 was used, and it was therefore possible for the 
drug-containing tip to be almost this full distance from the cell. Such a 
distance together with the irregular shape of the cell would render impossible 
the attainment of an uniform concentration around the soma, bases of the 
dendrites and initial segment. These spatial factors also explain the relatively 
slow actions of 8-alanine and of GABA upon post-synaptic potentials and focal 
potentials. 

It is unlikely that there is any major difference between the processes of 
excitation and inhibition within the spinal cord and the similar processes of 
the cerebral cortex. In the absence of precise investigations it is therefore 
probable that the reported actions of GABA upon neurones in this latter 
region (Hayashi & Nagai, 1956; Purpura et al. 1957; Iwama & Jasper, 1957; 
Jasper, Gonzalez & Elliott, 1958; Marrazzi, Hart & Rodriguez, 1958) are in 
accordance with the present findings, namely, a non-specific depressant action 
upon both excitation and inhibition. However, in many cases the inter- 
pretation of results has depended upon an analysis of the potentials generated 
by a group of cells. When potentials are recorded extracellularly from within 
a group of cells, actively depolarized membranes near the electrode produce 
negative focal potentials, the electrode recording predominantly from mem- 
branes closest to it. Conversely, inhibitory post-synaptic hyperpolarizations 
would be recorded extracellularly as positive potentials. However, the 
reduction of negative potentials by GABA and their replacement by positive 
is not an indication that excitation alone is blocked, as has been assumed 
by Purpura et al. (1957). When a portion of the membrane produces a spike or 
EPSP, it becomes a ‘sink’ for external currents, and a nearby electrode 
records a negative potential. However, if this localized area is unable to 
produce a spike or EPSP, owing to the depressant action of GABA or f- 
alanine, the membrane can only act passively with respect to spike potentials 
or EPSP’s arising elsewhere upon the soma or dendrites of that cell. Thus, in 
the external medium, current will flow from this inactive ‘source’ and the 
neighbouring electrode will record a pr=it've potential. This phenomenon is 
illustrated in Fig. 4, where f-alanine converted a negative focal synaptic 
potential generated by the orthodromic activation of BST motoneurones into 
a positive potential of similar time course and size. Such positive potentials 
are not indicative of a specific action of these amino acids upon the excitation 
of neurones, because IPSP’s were also very effectively depressed. 

The action of Factor I (Florey, 1954), an extract of central nervous tissue, 
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has been linked with its content of GABA (Bazemore et al. 1956) but it is now 
apparent that Factor I contains no GABA (McLennan, 1958). It remains 
possible, however, that the observed effects of Factor I are explicable by its 
content of other mono-amino mono-carboxylic acids, for preliminary results 
have indicated that «-alanine, glycine, B-amino-n- and £ amino iso-butyric 
acid, y-amino B-hydroxy butyric acid, 5-amino valeric acid and taurine all 
resemble GABA and f-alanine in their actions upon neurones of the mammalian 
spinal cord. 
SUMMARY 

1. y-Amino-n-butyric acid and f-alanine have been applied iontophoretically 
to the external surface membrane of neurones within the spinal cord of cats 
lightly anaesthetized with pentobarbital sodium. 

2. These amino acids depressed the spike potentials of motoneurones, 
small motoneurones, dorsal horn cells and Renshaw cells. Motoneuronal post- 
synaptic potentials, both excitatory and inhibitory, were depressed and the 
electrical excitability of the membrane was decreased. Membrane resting 
potentials were unaltered. 

3. There was no action upon presynaptic fibres, and the chemical excitation 
of dorsal horn cells and Renshaw cells was blocked. Strychnine did not 
prevent the depressant effects of either acid. 

4. All evidence indicates that these substances have a non-specific depres- 
sant action upon the whole surface membrane of neurones, both the chemically 
activated subsynaptic regions and the remaining electrically excited post- 
membrane. 
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THE EFFECT OF TEMPERATURE ON FACILITATION 
IN THE VAGUS 


By G. W. MAINWOOD 
From the Department of Physiology, University of Ottawa, Ontario 


(Received 3 July 1958) 


Previous investigations have shown that slowing of the heart in the rat in- 
creases suddenly when a critical frequency of vagal stimulation is reached 
(Mainwood, 1957). Similar frequency-effect curves have been observed in 
vasomotor responses to sympathetic stimulation. These are attributed to the 
building up of a steady-state level of transmitter substance at the nerve ending 
when its rate of liberation from the terminals just exceeds its rate of elimi- 
nation (Folkow, 1952). 

If there is a similar effect at the vagal terminals, the critical stimulation 
frequency should depend upon the rate of elimination of liberated acetyl- 
choline from the pace-maker region. The elimination of acetylcholine may be 
through either hydrolysis by cholinesterase or simple diffusion (Eccles & 
Jaeger, 1958). Each of these processes has a well defined temperature co- 
efficient and so the relation between body temperature and the critical 
frequency may be calculated in each case. Such predictions can only hold true 
if the amount of acetylcholine liberated from the terminals is not influenced 
by body temperature. 

In the case of preganglionic sympathetic terminals it has been shown that 


- there is a fall in acetylcholine output as the temperature is lowered (Brown, 


1954) though this appears to be very small over the temperature range con- 
sidered here at low stimulation frequencies (Kostial & Vouk, 1956). Thus one 
may expect that the influence of temperature on the critical frequency, as 
calculated from the change in rate of acetylcholine elimination, would be 
a little greater than the observed effect. 

Contrary to expectation the observed effect of body temperature on vagal 
slowing was found to be much greater than was predicted (Mainwood, 1957). 
One possible explanation was that each vagal impulse leaves a secondary 
effect on the pace-maker itself which decays at a slower rate than the acetyl- 


choline. Other observations seemed to support this possibility. 
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In order to obtain evidence for this hypothetical secondary effect it was 
decided to investigate the influence of vagal stimulation at different phases of 
the cardiac cycle. This was done by synchronizing vagal stimulation with the 
electrocardiogram (e.c.g.) until the heart slowed down to a steady state; the 
synchronous stimulation was repeated at different phases of the cycle. 

It became evident in the initial experiments that phase difference had littl- 
effect on heart slowing during synchronous stimulation, but that the past 
stimulation history of the nerve had a marked effect on the response pattern, 
a phenomenon which appears to have been first observed by Ludwig & Bidder 
(1858) but has since received little attention. 

This phenomenon was further investigated in the experiments to be 
described. The modifying effect of previous stimulation was also found to be 
temperature-dependent and this provides an alternative explanation of the 
anomalies mentioned above. 


METHUDS 

Wistar strain male albino rats of 50-200 g were used in these experiments. The animals were 
anaesthetized by an intraperitoneal injection of allobarbitone (Dial: Ciba) 0-6 mi./kg about 20 min 
before the experiments began. General warming and cooling were performed as described pre- 
viously (Mainwood, 1957) and body temperature was measured by a thermistor in the oesophagus. 
In order to cool the vagus a hypodermic needle was sealed and flattened at the end and cotton- 
wool twisted round it. The cotton-wool at the flattened end was moistened with Locke’s solution 
to form a suitable pad for the nerve. A small thermistor was tied in position to touch the cotton- 
wool pad near the nerve. The teraperature of the pad could be conveniently controlled by forcing 
water at the appropriate temperature down the hypodermic needle and up through sn inner 
needle of smaller diameter. In these experiments about 1-5 cm of the peripheral stump of the 
vagus was dissected out and lifted just clear of the neck so that the middle 0-5 cm rested on the 
pad, and the stimulating electrodes were placed under the upper third of the exposed nerve. 

Continuous recordings of the electrocardiogram were made by filming successive cycles on the 
screen of a Cossor 1049 oscilloscope while running the film at right angles to the beam sweep. The 
length of the sweep was made directly proportional to the duration of the cardiac cycle. To do this 
a delay circuit was triggered by the R wave and a negative pulse derived from the delay circuit 
output was fed to the suppressor grid of the time-base tube (V 8) in the oscilloscope. This proved 
a simple and convenient way of detecting small or transient changes in heart rate. The lead II 
of the electrocardiogram was used in most experiments. 

During synchronous stimulation the same delay circuit that triggered the oscilloscope flyback 
was also used to trigger a stimulator (Grass S84(C). The stimulus pulse was applied to the vagus 
via an isolation unit through two small silver wire hooks 1-0 mm apart. The voltage and duration 
of the stimulus were adjusted in preliminary experiments to give a maximal response with a 
reasonable safety factor (usually 0-2-0-5 msec and 6-8 V). The pulse was also applied to the 
second beam of the oscilloscope to mark accurately the phase of the stimulus on the e.c.g. This 
could be varied by the stimulator delay control. 

In a few experiments the effects of acetylcholine and of potassium on heart rate and vagal 
slowing were examined. The solutions were administered either intravenously, into a femoral 
vein, or intra-arterially via a carotid into the aortic arch. ‘Intramedic’ polythene tubing (PE. 10) 
was used to catheterize the vessels in these experiments. 
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RESULTS 


Phase variation. During periods of synchronous stimulation the vagal 
stimulus follows each R wave at a fixed time interval. Synchronous stimula- 
tion results in a gradual increase in the duration of the cardiac cycle until a 
steady state is reached at which the heart rate remains constant for as long as 
the stimulation is continued (stimulation never lasted longer than 2 min). On 
switching off the stimulus, the heart recovers its original rate within 1-2 sec, 
often with a transient acceleration to a rate above the control. The rate at 
which this steady state is reached and the final cycle length are independent 
of the phase at which stimulation is applied. 

Body temperature. In three rats the effect of synchronous stimulation was 
investigated while the body temperature was varied. The effectiveness of vagal 
stimulation increased as the body temperature was lowered, so that the 
relative increase in cycle length was greater at lower temperatures in spite of 
the decreased stimulation frequency. If the efficiency of each impulse is 
determined by dividing the relative cycle increase by the stimulation frequency, 
the response at 25° C is about three times as great as that at 35° C. This is 
quantitatively similar to the increase in response observed during fixed- 
frequency stimulation. 

In two experiments the effects of injections of small amounts of acetyl- 
choline on heart rate were compared over a similar temperature range. 
Whereas a fall in body temperature consistently increases the response due to 
vagal stimulation, it results in a slight decreases in the effects of injected 
acetylcholine. 

Since changes in the level of blood potassium may be responsible for some 
of the effects of hypothermia (Elliot & Crismon, 1947; Mavor, Harder, 
McEvoy, McCoord & Mahoney, 1956) the effects of injecting: small amounts 
of Locke’s solution with varying potassium content was investigated in one 
experiment. The solution was injected through a polythene catheter into the 
aortic arch during synchronous vagal stimulation. The injection of 0-5 ml. of 
potassium-free Locke’s solution in 4 sec caused no detectable change in the 
extent of the vagal effect. The injection of 0-4 ml. of Locke’s solution con- 
taining three times the normal potassium content, in 13 sec during stimulation, 
also had no effect. Such negative experiments are not entirely satisfactory, 
since the quantitative change in potassium in the region of the pace-maker is 
unknown. It could, however, be shown that the injected fluid reached the 
pace-maker, since the injection of 3 ug of ACh in the same experiment caused 
a 50% increase in cycle length whether it was injected before or during vagal 
stimulation. 

Rate of development of vagal effects. The rate of development of the vagal 


effect from the beginning of stimulation to the time at which maximal slowing 
14-2 
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is reached varies considerably. It is increased by lowering the body tempera- 
ture. Later runs in a series show a more rapid development of the slowing, 
particularly if stimulation is commenced soon after the heart rate had returned 
to normal from a previous slowing. If the interval between successive syn- 
chronous stimulation runs is reduced, the development phase becomes more 
rapid and with very short intervals there was a sudden jump from the non- 
stimulated to the steady-state cycle length, sometimes even an overshoot. 
This was at first considered to be due to some lasting effect remaining in the 
pace-maker itself as the result of a previous slowing. This hypothesis could be 
examined, since in many rats synchronous stimulation has practically identical 
effects on heart rate whether the stimulus is applied to the nght vagus or the 
left. If the residual effect lies in the ‘final common path’ of the vagi or in the 
pace-maker itself then the rate of development of the response should be 
equally affected whether it is preceded by stimulation through ipsilateral or 
contralateral vagus. ; 

The effect of ipsilateral and contralateral conditioning stimulation is shown 
in Fig. 1. It is evident that the development of the vagal effect is accelerated 
by a previous stimulation of the ipsilateral nerve but not of the contralateral 
one. Thus the long-lasting effect must be confined to the vagal pathway itself 
and is not in the pace-maker or any region common to both vagi, such as 
common post-ganglionic neurones or the intercellular fluid. 

Facilitation of the vagal effect. This was further examined by recording the 
response to single test shocks at a sufficient interval to allow complete recovery 
of the heart rate before and after a rapid burst of shocks had been applied to 
the vagus. It was shown that the response to single test shocks is greatly 
enhanced for periods of 1 min or more after a facilitating burst of stimu- 
lation. The duration of the effect may be shown to increase as the total 
number of impulses in the facilitating burst is increased. Here again the 
facilitation is confined to the ipsilateral nerve. 

Groups of shocks. At a temperature of 33-35° C one vagal shock or even two 
shocks applied to the same nerve in rapid succession may have very little or 
no effect on heart rate, but a sudden increase in effect occurs when three or 
four successive shocks are applied. Thus whereas the first shocks in a group 
have little effect they appear to enhance or facilitate the effect of the third or 
fourth shock in the series. The number of shocks required to cause this 
response is less at lower body temperatures. The optimal interval between 
shocks causing a response varies from 10 to 20 msec. Figure 2 shows the effects 
due to groups of shocks from one to six in number on the left vagus, on the 
right and left vagi (summed algebraically) and on both vagi simultaneously. 
Here spatial facilitation as well as temporal facilitation is evident, since when 
both vagi are stimulated together the combined effect of one or two shocks is 
much greater than the sum of the responses to each vagus stimulated sepa- 
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rately. As the number of shocks in the group increases, interaction between 
the vagi changes to become occlusive. 

On the right-hand side of Fig. 2 the vagal interaction is plotted against the 
number of shocks in the group. These results are consistent with the view that 
each vagus fires into a common neurone pool with a fairly large subliminal fringe. 


R. vagus 
0 1 2 3 sec 


Fig. 1. The modification of the first phase of the response to synchronous vagal stimulation by a 
previous period of stimulation. The first phase of the response due to synchronous left vagal 
stimuli falling at the end of the T wave is shown on the left-hand side. Similar recordings for 
the right vagus are shown on the right-hand side. In each column the top tracing represents 
the beginning of stimulation following a relatively long rest period. The middle tracings show 
stimulation following a conditioning stimulation to the left vagus and the lower tracings show 
the effect of a conditioning stimulation applied to the right vagus. 


As a result of a large facilitatory burst it may be expected that the overlap in 
the subliminal fringe would be replaced by an overlap in the discharge zone, 
thus making the interaction occlusive. These expectations are fulfilled, as may 
be seen on the right-hand side of Fig. 2. 

Facilitation and acetylcholine injection. The effects of facilitating bursts on 
the response of the heart to small injected doses of ACh was examined. It 
may be seen in Fig. 3 that a burst of vagal stimulation that greatly enhances 
the effect of a single vagal shock has no effect on the response to a small 
injected dose of acetylcholine. 
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Vagal action potentials. The size of the vagal action potentials is not affected 
significantly by a burst of stimulation that has a marked effect on the cardiac 
response to a single test shock, indicating that the vagal facilitation effect does 
not lie in the stimulation or axonal-transmission phases. The small number of 
cardiac efferents in the vagus are masked to a considerable extent by other 
vagal fibres, but the cardiac response during synchronous stimulation does 
appear to be correlated with a small hump in the integrated vagal action 
potential resulting from the activity of a bundle of nerves conducting at a 
velocity of between 1—2 m/sec. . 

Intra-atrial potentials. In a few experiments the e.c.g. was recorded from an 
intra-atrial electrode which, when adjusted to the correct level, gave a large 
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Number of shocks ee 
Fig. 2. The effect of small groups of shocks applied to the right and left vagi simultaneously. 
On the left the number of shocks is plotted against the increase in P-P interval (this is used 
instead of the R-R interval because an occasional! A-V block occurs). The response to left 
vagal stimulation alone (@), the sum of the response of both vagi separately (©), and the 
responses to simultaneous shocks ( x ) are shown. The horizontal hatching indicates the area 
aig between the vagi, the vertical hatching indicates occlusion. Body tempera- 
On the right the interaction between the right and left vagi in another rat is 
the number of shocks. In this case there was a considera 
from one to five simultaneous successive shocks (©). The degree of interaction is represented 
by the ratio of the difference between the effects of separate stimulation plus simultaneous 
stimulation to the effect of simultaneous stimulation. The degree of interaction 4 sec after 
a 5 sec burst of 330 conditioning shocks is also plotted (@). 
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negative deflexion coincident with the P wave. The size and shape of this 
wave alter considerably when there is a large vagal effect, which may indicate 
a migration of the pace-maker. It soon returns to its prestimulation contours 
when stimulation is stopped and there is no evidence of any change in the 


intra-atrial potential during the period over which the enhanced response to 
single test shocks may be elicited. 
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Fig. 3. The effect of 125 conditioning shocks on the response to single vagal shocks and to small 
injected doses of acetylcholine. On the top line is shown the response to single vagal shocks 
before and after a conditioning stimulation: on the bottom line, the effect of 0-1 yg of acetyl- 
choline injected into the base of the aorta. The injection period is indicated by the elevation 
of the marker line and a series of points on the recording itself. The single shock and the 
injection both take place 4 sec after the conditioning stimulation. (Note: on the bottom left 
tracing a premature triggering of the flyback occurred in one cycle.) 


The optimal facilitation frequency and the effect of body temperature. In three 
experiments the optimal facilitation frequency was determined by stimulating 
for a 5-sec period at different frequencies: the optimal frequency was about 
80-100/sec. This method, however, gives a somewhat unfair bias to the higher 
frequencies since the total number of impulses, as well as the frequency, is 
increased, In subsequent experiments an arbitrary number of 300 shocks was 
applied at different frequencies and test shocks were applied at a fixed 
interval (usually 4 sec) after the facilitation. This gave an optimal frequency of 
60-80/sec. It was observed that cold rats have a lower optimal frequency. The 
relation between body temperature and optimal facilitation frequency was 
examined in three rats when the body temperature was varied between 20 and 


W 
5 sec 
25/sec 
4 200 
100 $ 
E 
5 sec | 
25/sec 
0 


212 


G. W. MAINWOOD 


= 


a 
T 


Optimal facilitation frequency (impulses/sec) 


i i L L i 
Body temperature (°C) 


Fig. 4. The effect of body temperature on the optimal vagal facilitation frequency in three rats. 


= 


Facilitation frequency 


Fig. 5. The effect of nerve and body temperature on vagal facilitation at different frequencies. The 


response to single test shocks following vagal facilitation was first measured when the mean 
body temperature was 33-5° C and the vagus was at 32-6° C (@). The vagal temperature was 
then lowered to 19-9° C while the mean body temperature was at 32-7° C (©). Finally, the 
body temperature was lowered to 22-1°C while the vagal temperature was increased to 
25-6° C (gm). In each case the test shock was applied 4 sec after the end of the facilitating 
burst which consisted of 300 shocks at the frequency indicated on the abscissa. The response 
was measured as the relative lengthening of the cardiac cycle following the test shock. The 
maximal lengthening of the cardiac cycle was 70 msec or 0-58 times the normal cycle length 
in the rat at 33-5° C; this was taken as 100% for the first two curves. After cooling the 
maximal lengthening was 640 msec or 1-88 times the cooled cycle length, this was taken as 
100% in the third curve (™). The corresponding responses to single shocks after a 2-min rest 
with no stimulation, at body temperatures of 32-8° C (@) and 22-1° C (()), are shown in the 
lower right-hand _corner. 
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36° C. The optimal facilitation frequency was found to be closely related to the 
body temperature (Fig. 4), being 20/sec at the lower end of the temperature 
range and 80-90/sec at the upper end. The maximum response to a test shock 
following facilitation at the optimal frequency occurred between 25 and 30° C. 

The effect of temperature on nerve conduction was examined, since this 
may have contributed to the change in optimal frequency. In order to do this, 
the temperature of the vagus was varied separately by local cooling. The 
frequency-effect curves were determined at different nerve and body tempera- 
tures. It is evident that cooling the nerve tc 20° C. has no effect on the optimal 
frequency of vagal facilitation (Fig. 5) whereas lowering the body temperature 
over a smaller range has a very pronounced effect. 


DISCUSSION 

A series of stimuli applied to the vagus synchronously with the cardiac cycle 
leads to a gradual increase in the length of each cycle until a steady state is 
reached in 5-10 sec. The slowly rising phase of the vagal effect during syn- 
chronous stimulation may be converted into a sudden jump from the normal, 
unstimulated heart rate to the maximally slowed state when the stimulation 
follows a few seconds after a previous conditioning stimulation. Some residual 
facilitation must, therefore, remain after one run which greatly enhances the 
effects of the first few shocks in the next. This is more apparent when the 
slowing effect of single test shocks is used to indicate the extent of the residual 
facilitation. The residual facilitation must be confined to the vagal pathway, 
since it is only effective in the ipsilateral nerve. 

Histological evidence shows that in the region of the pace-maker there are 
a considerable number of post-ganglionic neurones common to both vagi 
(Hamety & Truex, 1954). This fact suggests that the facilitation does not 
involve the post-ganglionic neurones since these too would constitute a final 
common path. 

A considerable degree of interaction between the vagi may be shown by 
applying simultaneous shocks or simultaneous groups of shocks in rapid 
succession to both vagi. This provides evidence for a functional as well as an 
anatomical common neurone pool. While the vagal interaction is normally one 
of facilitation it is converted towards one of occlusion in the period of residual 
facilitation following conditioning with a large number of vagal impulses. Here 
again a synaptic or presynaptic residual facilitation site would account for 
the observed results. 

Heart slowing by small injected doses of acetylcholine is probably due 
mainly to its stimulating effect on post-ganglionic parasympathetic neurones 
(Perry & Talesnik, 1953). Facilitation of the post-ganglionic neurones would 
thus be expected to enhance the effect of acetylcholine. No such enhancement 
could be observed in the experiments reported here. 
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These observations all suggest a presynaptic type of facilitation similar to 
that observed both in sympathetic ganglia (Larabee & Bronk, 1947; Job & 
Lundberg, 1953) and anterior horn motoneurones (Lloyd, 1949) though they 
do not afford conclusive evidence of the identity. The observations of Ludwig 
& Bidder (1858) and the enhancement of the ‘slow response’ observed by 
Fischer (1936) in the turtle atrium are probably similar to the facilitation 
reported here. Direct evidence of residual or post-tetanic potentiation must, 
however, depend upon the recording of post-ganglionic potentials, which has 
been comparatively rarely done in the parasympathetic system and appears to 
have provided no evidence as yet for a long-lasting type of facilitation 
(Whitteridge, 1937). | 

Although no attempt has been made to eliminate the effect of interference 
from the sympathetic system in these experiments, it would be difficult to 
explain the ‘one-sided’ vagal facilitation in terms of a sympathetic reflex 
effect which modifies vagal action. A more serious criticism is that facilita- 
tion may alter the balance in the double action of the vagus (Szentivanyi 
& Kiss, 1957; McEwen, 1956) by fatiguing a simultaneous accelerator 
response. 

The degree of facilitation depends not only upon the total number of shocks 
in the conditioning stimulation but also on the frequency at which they are 
applied. There is a well defined optimum frequency of about 70/sec in normal 
rats. In rats cooled to about 20° C the optimum frequency falls to 20/sec. 
Over the range of 20-35° C the relationship between temperature and the 
optimal facilitation frequency appears fairly linear, with a slope of 5/sec/° C. 
It thus behaves as though the impulses pass through a temperature-variable 
frequency filter. Cooling the nerve trunk itself does not alter the optimum 
frequency, so the ‘filter effect’ must follow at a later stage in the impulse 
transmission. 

The impulse frequency required in these experiments to cause facilitation 
in normal warm rats is probably very high compared with the normal impulse 
frequency range in the autonomic system (Folkow, 1952). This is supported by 
the observations of Beznék (1956), who showed that bilateral vagotomy 
results in very small changes in the heart rate of normal rats. 

The appearance of a ‘critical frequency’ (Mainwood, 1957) for vagal 
stimulation and its dependence on temperature may readily be explained by 
these observations. At stimulation frequencies below the critical frequency 
the residual facilitation is presumably insufficient to allow transmission of the 
vagal impulses to the pace-maker. 

The effect of temperature on the facilitation frequency may also help to 
explain the exaggerated transmission that occurs at lower body temperatures 
in central synapses (Koizumi, Malcolm & Brooks, 1954; Lloyd, Hunt & 
McIntyre, 1955; Suda, Koizumi & Brooks, 1957). The presence of a frequency 
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filter system in the central nervous system could provide a means of directing 
volleys of impulses into different anatomical pathways depending upon their 
frequency. 

SUMMARY 


1. When vagal stimuli are synchronized with the cardiac cycle in the rat, 
slowing develops and the heart rate reaches a new steady level. This rate is 
independent of the phase of the cycle at which the stimulus falls. 


2. The relative heart slowing during stimulation becomes greater as the 
body temperature is lowered. 

3. The gradual onset of the bradycardia may be converted into an abrupt 
transition from the normal rate to the slowed rate by a previous conditioning 
stimulation of the ipsilateral vagus. 

4. A conditioning stimulation applied to the vagus greatly enhances the 
effect of single shocks in the ipsilateral nerve. Indirect evidence suggests that 
this residual facilitation is a presynaptic phenomenon. 

5. The extent of the facilitation depends upon both the number and 
frequency of the shocks in the facilitating burst. The optimal frequency of 
70/sec in normal warm rats may be lowered to about 20/sec by cooling. 


I am indebted to Dr A. B. L. Bezndk for his interest, encouragement and numerous helpful 
suggestions. My thanks are also due to Mr P. Bajka and to Madame I. Robineau who rendered 
valuable assistance. This work was supported by a grant from the National Research Council. 
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STUDIES OF RED CELL LIFE SPAN IN THE RAT 


By E. H. BELCHER* anp EILEEN B. HARRISS 
From the Physics Department, Institute of Cancer Research, London, S.W. 3 


(Received 18 November 1958) 


Values reported for the life span of the rat red blood cell are listed in Table 1, 
from which it may be seen that considerable disagreement exists between the 
results of different investigators. Early attempts to study red cell survival 
in this species were based on observations of the time taken for the red cell 
count, or haemoglobin concentration in the circulating blood, to return to 
normal after the induction of polycythaemia by transfusion or exposure to 
low oxygen tension or after anaemia by bleeding. Other early studies were 
based on cyclic changes in reticulocyte count observed after stimulation of 
erythropoiesis by bleeding or phenylhydrazine administration. These early 
investigations gave values of 5-18 days for the life span of the red cell, but 
since they were based on false premises concerning the homoeostatic mechanisms 
governing red cell volume the results cannot be accepted. 

More recent estimations have involved the direct measurement of the 
survival of isotopically labelled cells in the circulation, and give values of 
24-100 days for the life span. These techniques may be classified according 
as the isotopic label is introduced into red cell precursors in the erythro- 
poietic tissues in vivo to label cells of a single age group (“C, *¥Fe) or is used 
in vitro to label mature cells of all ages, the labelled blood being then injected 
into recipient animals (™Cr). In the former type of investigation some diffi- 
culty may arise in the interpretation of the data because of the finite time 
taken for the isotopic label to appear at maximum concentration in the circu- 
lating red cells. Shemin & Rittenberg (1946) have described a method of 
correction for this delay in incorporation, which can be considerable in studies 
with “C-labelled glycine (Berlin, Meyer & Lazarus, 1951; Fryers & Berlin, 
1952; Berlin, Van Dyke & Lotz, 1953). Intravenously injected *Fe by 
contrast is more rapidly incorporated into red cell precursors in the erythro- 
poietic tissues. However, since under normal conditions iron returned to the 
metabolic pool from destroyed red cells is largely re-utilized for new haemo- 
globin synthesis (Gibson, Aub, Evans, Peacock, Irvine & Sack, 1947) it is 

* Present address: Postgraduate Medical School, Hammersmith Hospital, London, W. 12. 
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usually necessary in studies of life span with Fe to give repeated injections 
of excess non-radioactive iron once the directly labelled red cells have emerged 
into the circulation, in order to reduce the further incorporation of *Fe into red 
cell precursors (Burwell, Brickley & Finch, 1953; Davis, Alpen & Davis, 1955). 
Allowance must be made for re-utilization in analysing the results of such 
studies. 
Tasxe 1. Values reported for red cell life span in the rat 
Mean Or 


life span half-clearance time 
Investigators Method (days) (days) 
Schulten (1930) Recovery after phenylhydra- 15 —_ 
zine administration 


Escober & Baldwin (1934) Recovery after exposure to 12-18 — 
Creskoff & Fitzhugh (1937) Recovery after transfusion 5-8 — 
Harne, Lutz & Davis (1938) Cyclic yr rome in reticulocyte 8-9 — 
Ponticorvo, Rittenberg & *H into 100 — 


Van Dyke, Asling, Berlin & | Survival of “C-labelled cells 53 on 
Donohue, Motulsky, Gibilett, — 10+2 

Pirzio-Biroli, Viranuvatti & 

Moteleky, Casserd, [Survival of "Cr-labelled cells __ 194216 

H ton & Finch (1956) (normal) 
Hall, Nash & Hall (1957) a 19-9+3-5 

The use of "Cr in red cell survival studies is complicated by the fact that 

the “Cr concentration in the blood falls more rapidly than would be expected 
from red cell destruction alone, a finding usually explained in terms of a 
slow elution of the isotopic label from the red cells in the circulation. Measure- 
ments of the "Cr content of the blood must therefore be corrected for elution 
loss if true survival is to be estimated. Moreover, since cells of all ages are 
labelled by the “Cr technique, direct information about the fate of cells of 
any particular age may be difficult to extract from the data. Since the fall in 
“Cr concentration in the circulating blood with time is approximately expo- 
nential and therefore yields a straight line when plotted semi-logarithmically, 
the “Cr half-clearance time provides a convenient index of the relative rate 
of red cell destruction under different conditions (Donohue, Motulsky, Giblett, 
Pirzio-Biroli, Viranuvatti & Finch, 1955; Giblett, Motulsky, Casserd, Houghton 
& Finch, 1956). 
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An indirect method of estimating mean red cell life span involves the 
assumption of a steady state in which the rates of destruction and production 
of red cells are equal. The rate of production can be calculated from data on 
the turnover of Fe by the erythropoietic tissues, the calculation requiring 
knowledge of the rate at which intravenously injected **Fe is cleared from the 
blood plasma, the plasma iron concentration, the fractional uptake of Fe 
by the red cells and their total iron content (Huff, Hennessy, Austin, Garcia, 
Roberts & Lawrence, 1950). Accurate values of these parameters are difficult 
to measure in small animals and the basic assumption of equal destruction 
and production is invalid in a growing animal whose blood volume is expanding, 
unless appropriate correction is made. Moreover, the calculations involve the 
acceptance of a model system for iron metabolism which may be in error. 
Nevertheless, the method leads to approximate values for the mean red cell 
life span in the rat in general agreement with the results of direct survival 
studies with labelled cells (Berlin, Huff & Hennessy, 1951). 

Detailed consideration of the results of direct survival studies with cells 
labelled in vivo reveals some confusion regarding the term ‘mean life span’. 
Most workers define this index as the time after which 50% of newly emerging 
red cells have been destroyed, and measure it as the time for the circulating 
radioactivity to fall to one half of its maximum value (Davis et al. 1955), or if 
re-utilization is significant, to a level midway between the maximum value and 
final value (Burwell e al. 1953). It should, however, be pointed out that the 
quantity thus defined is a median life span and will only be equal to the mean 
if the frequency distribution of life span is symmetrical. Moreover, the time 
at which the circulating radioactivity falls to the 50% level will only cor- 
respond to the median life span if all cells are instantaneously and uniformly 
labelled and if no elution of the isotopic label from the cells takes place. 

Schiedt (1938), Dornhorst (1951) and Eadie & Brown (1953) have empha- 
sized that red cells may be destroyed in various ways, and make an important 
distinction between senescence and random destruction mechanisms by which 
cells may be removed from the circulation. Cells may undergo random 
destruction irrespective of age at any time during their potential life span. 
Those cells that escape the hazard of random destruction eventually disappear, 
after an approximately constant life span, as a result of the process of sene- 
scence. However, because of the contribution of random destruction the mean 
life span of the whole population is in general less than the potential life span _ 
-determined ‘by seniescence, and the frequency distribution of life span is 
asymmetrical. Burwell et al. (1953) and Brown & Eadie (1953) show that the 
relative importance of these two types of destruction mechanism varies widely 
between species. Brown & Eadie (1953) describe a convenient method of 
analysing the results of studies with ®Fe in terms of senescence, random 
destruction and re-utilization effects. 
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In the studies to be described, red cell survival in the rat has been investi- 
gated in terms of the survival of both Fe and *Cr-labelled cells. With Fe, 
the fate of the labelled cells has been studied by assaying the Fe content of 
the circulating blood and of the faeces, and also autoradiographically by 
measuring the percentage of labelled cells remaining in the circulation. In 
order to investigate the role of the spleen in red cell destruction, observations 
have been made on both normal and splenectomized animals. Preliminary 
details of these studies have been reported elsewhere (Belcher & Harriss, 
1956). With "Cr the radioactive content of the circulating blood only has been 


followed. 
METHODS 


All red cell survival studies were made on male brown-hooded rats of the ‘August’ strain of 
weight 100-200 g. They were maintained on Medical Research Council diet No. 41 B and water 
ad libitum. In studies on splenectomized animals, splenectomy was performed through a small 
incision in the abdominal wall on animals of weight 80-100 g at least 4 weeks before the com- 
mencement of red cell survival studies. 

Studies with ** Fe 

Rats were injected intravenously by tail vein with 10 uc Fe (specific activity 1-3 po/ug Fe) 
as ferric chloride in 0-2 ml. 1% (w/v) sodium citrate solution. In measurements of the **Fe 
content of cireulating blood, intramuscular injections of an iron-dextran complex (Imferon, 
Bengers Laboratories Ltd., 0-1 ml. containing 5 mg Fe/100 g body weight) were made into the 
femoral muscles 24 hr after **Fe administration, and thereafter daily or every 2 days to reduce 
re-utilization of Fe. At weekly intervals 0-02 ml. blood samples were withdrawn from the cut 
tail of each animal into blood pipettes and diluted to 5 ml. with ammoniated distilled water in 
matched test tubes for haemoglobin estimation. Haemoglobin was estimated colorimetrically as 
oxyhaemoglobin; the diluted blood samples were then transferred to sample tubes of diameter 
$ in. (15 mm) for Fe assay. **Fe content was measured in a well-type scintillation counter 
(efficiency for **Fe, 20%; background, 6 counts/sec) in terms of an **Fe standard. 

In measurements of **Fe content of faeces, animals were maintained in metabolism cages. 
Daily faecal samples were collected and transferred to sample tubes of diameter } in. (19 mm) for 
5*Fe assay. **Fe content was measured in a well-type scintillation counter with a larger well than 
that used for the assay of blood samples (efficiency for Fe, 10%; background, 8 counts/sec). 

In autoradiographic studies blood smears were made from tail vein blood on glass slides at 
weekly intervals. Autoradiographs were prepared from these smears by the stripping film tech- 
nique, using Kodak AR. 10 autoradiographic stripping film, exposed for 1 month and processed. 
On each autoradiograph the percentage of cells showing an uptake of **Fe, as evidenced by an 
increase above background level in the number of developed grains in the emulsion overlying the 
cell, was determined by examining 1000 cells under the phase-contrast microscope. The mean grain 
count per radioactive cell, defined as the mean increase above background level in the number of 
developed grains in the emulsion within an area of diameter three times the mean cell diameter, 
was also determined by performing grain counts over 20 cells. In studies of mean grain count 
autoradiographs of all smears taken from any single animal were prepared on the same day and 


exposed and processed together. In measurements of percen f labelled cells autoradiogra} 
were not always prepared simultaneously. 


Studies with ™Cr 
These studies were made on groups of up to five litter mates, one animal of each litter serving as 
donor, and the remainder as recipients. Two millilitres of blood was withdrawn by cardiac puncture 
from each donor into a syringe moistened with heparin (Pularin; Evans Medical Supplies Ltd.) 
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and transferred to a graduated test tube. 1 ml. of acid-citrate dextrose solution and 1 ml. of a 
solution of isotonic saline containing 50 yo "Cr (specific activity 20-50 pe/pg Cr) as sodium 
chromate were added with gentle mixing. The mixture was allowed to stand for 30 min at room 
temperature and was then centrifuged at 2500 rev/min for 10 min at a radius of 15 cm. The 
supernatant was removed and discarded, the cells resuspended in isotonic saline and the volume 
readjusted to 2 ml. Labelling was 85-95% complete and the labelled cell suspension contained 
0-4-1-2 pg Cr/ml. 0-5 ml. portions of this suspension were injected intravenously by tail vein into 
recipient animals. At daily intervals thereafter, 0-02 ml. blood samples were withdrawn from the 
cut tails of the recipients into blood pipettes and diluted to 5 ml. with ammoniated distilled water 
for haemoglobin estimation as already described. The diluted samples were then transferred to 
sample tubes of diameter § in. for "Cr assay in the well-type scintillation counter (efficiency for 
51Cr, 5%; background, 6 counts/sec) in terms of a “Cr standard. 


RESULTS 
Studies with ™Fe 
Measurements of *°Fe content of circulating blood. In early studies of the 
disappearance of intravenously injected Fe from the circulating blood 
(Belcher & Harriss, 1956) rats were given 1 wc ™Fe by injection into a tail 
vein and 0-5 ml. samples of blood were withdrawn at weekly intervals by 
cardiac puncture. It was found, however, that significant amounts of blood 
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Fig. 1. Variation of **Fe content of blood of two normal rats following injection of **Fe-citrate; 
Fig. 2. Variation of *Fe content of blood of two splenectomized rats following injection of 
**Fe-citrate; semi-log. scale. 


might be lost by haemorrhage after sampling by this method, and that such 

loss of blood could lead to over-estimation of the rate of disappearance of 

labelled cells from the circulation. The method was therefore abandoned in 

favour of sampling from the cut tail, 10 uc *Fe being injected and 0-02 ml. 

samples of blood being withdrawn at weekly intervals. 
Figure 1 shows the results of such studies on two normal animals given 

intramuscular injections of iron-dextran to suppress re-utilization on alternate 
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days throughout the period of study. The animals tolerated the iron-dextran 
injections well, and no significant disturbance of physiological function has 
been observed in rats at this dosage level (Golberg, Smith & Martin, 1957). 

Similar data for two splenectomized animals are shown in Fig. 2. In order to 
express the results in terms of the total *Fe content of the circulating blood, 

the measured ®*Fe contents of successive blood samples from each animal have 
been corrected for expansion of blood volume with growth during the course 
of the experiment and also for the small amounts of Fe removed in sampling. 
The initial samples were taken 4 days after injection of Fe, by which time it 
may be assumed that all the directly labelled cells have entered the circu- 
lation. The corrected values of Fe content are expressed as percentages of 
that of the initial sample, using the formula: 


N,_ Fe, ROWxHh 
Fe, ROW, x Ht, 


where NV, = total amount of Fe in circulating red cells at time ¢, 
N; = total amount of Fe in circulating red cells at time of initial 
sample, 

N, = total amount of Fe removed in previous samples, 
Fe, = observed Fe content of blood sample at time t, 
Fe; = observed **Fe content of initial blood oe ie 

RCV, = red cell volume at time ¢, 

RCV, = red cell volume at time of initial blood bannicte 
Ht, = venous haematocrit at time ¢t, and 
Ht; = venous haematocrit at time of initial blood sample. 


Values of red cell volume and venous haematocrit for rats of different weights 
were obtained from tables based on the published data of Belcher & Harriss 
(1957). 

Figures | and 2 reveal a loss of Fe from the ee ae in both normal and 
splenectomized animals during the first 40 days after injection, followed by 
a phase of more rapid loss during which senescence predominates. The **Fe 
content of the blood finally flattens at a level determined by the degree of 
re-utilization still occurring despite the repeated injection of iron-dextran. 
Such data may conveniently be analysed by the method of Brown & Eadie 
(1953) on the assumptions that the early loss of Fe is due to a random des- 
truction process which obeys an exponential law and that the potential life 
span has a normal distribution which can be approximated by the Verhulst- 
Pearl growth function. The disappearance of °*Fe from the blood can then be 
represented by an equation of the form 
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where N, = total amount of Fe in circulating red cells at time ¢ after 
injection, 
N, = total amount of Fe in circulating red cells at time 0, 


b = fraction of Fe which is re-utilized when released in red cell 
destruction, 


k = coefficient of random destruction, 
T = mean potential life span, and 
a = coefficient of uniformity of potential life span. 


This expression assumes that the labelled cells appear instantaneously in the 
circulation at the start of their life span at zero time and also that re-utilization 
of Fe follows instantaneously after red cell destruction. Due allowance must 
therefore be made for the finite time of incorporation of Fe into the circulating 
cells in applying it to experimental data. 


TABLE 2. Detailed analysis of results of **Fe studies 


a k utilization 
animal investigation (days) (days) (days*) b 


Normal Assay of **Fe 2 59 0-29 0-32 0-16 
in bl 59 0-46 0-63 0-18 
Autoradio- None 62 0-28 0-69 0 
graphy None 60 0-20 0-31 0 
Splen- Assay of **Fe 2 64 0-22 0-50 0-18 
ectomized in blood | 66 0-25 0-46 0-14 
Autoradio- None 68 0-29 0-22 0 
graphy None 69 0-27 0-60 0 


Detailed results of analyses of the individual data of Figs. 1 and 2 are 
presented in Table 2. In normal animals the mean potential life span averaged 
59 days and rate of random destruction 0-48% per day; in splenectomized 
animals the corresponding figures were 65 days and 0-48% per day. In 
deriving these values a period of 1 day has been allowed for the interval 
between the injection of **Fe and the appearance of the isotopic label in the 
circulating red cells (Baxter, Belcher, Harriss & Lamerton, 1955). 

A number of similar investigations were made with rats injected daily with 
iron-dextran. Iron-dextran dosage at this level was not well tolerated and 
these animals showed anorexia and arrested growth during the period of 
study. Random destruction appeared somewhat increased, but the mean 
potential life span was not significantly different from the value obtained in 
animals given iron-dextran on alternate days. 

Autoradiographic studies. It may be argued that the injection of large 
amounts of iron to reduce re-utilization results in far from normal conditions 
that may adversely affect the circulating red cells. This difficulty is avoided 
in the use of high resolution autoradiographic techniques to study the ern 
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of Fe-labelled cells. If, after injection of Fe, serial blood smears are taken 
and autoradiographs are prepared from these smears by the stripping film 
method (Doniach & Pelc, 1950) the directly labelled cells can readily be 
identified by virtue of the increased number of developed grains in the 
emulsion overlying them. The percentage of labelled cells remaining in the 
circulation can thus be determined by examining one thousand cells. The 
advantage of the autoradiographic technique lies in the fact that only cells 
labelled directly after injection of 5*Fe at a time when the specific activity of 
the plasma iron is high give recognizable autoradiographs. Red cell precursors 
incorporating re-utilized Fe do so at such low specific activity that the 
mature red cells to which they give rise are not recognizable autoradio- 
graphically in terms of an increase in grain density. The survival of *Fe- 
labelled cells can thus be studied without the administration of excess iron 
and with the minimum of disturbance of physiological function. 

Figures 3 and 4 show the results of autoradiographic studies of red cell 
survival in two normal and two splenectomized rats each given 10 pe Fe 
intravenously. The measured percentages of labelled cells have been corrected 
for the increase in blood volume with growth, as already described. Negligible 
amounts of blood were removed in the preparation of blood smears. Such 
data may be analysed as already described by the method of Brown & Eadie 
(1953), the coefficient of re-utilization, b, being here taken as zero. Results of 
such analyses of the data of Figs. 3 and 4 are included in Table 2. In normal 
animals the mean potential life span averaged 61 days and the rate of random 
destruction 0-50 % per day ; in splenectomized animals the corresponding values 
were 68-5 days and 0-41 % per day. These values are seen to be in good agree- 
ment with the results of measurements of the **Fe content of the circulating 
blood and confirm the increased potential life span observed after splenectomy. 

It thus appears that the injection of iron-dextran on alternate days has 
little, if any, effect on the pattern of red cell survival and that the finding of 
a significant random loss of **Fe from the circulation is normal in the rat. 
This random loss has been attributed to a random destruction of circulating 
cells but could equally be explained in terms of a slow turnover of iron by the 
labelled cells in the circulation. In order to investigate this question, the 
variation in average grain count over ®Fe-labelled cells throughout their life 
span was studied in a number of animals by counting grains over 20 labelled 
cells selected at random on the serial autoradiographs prepared for survival 
studies. 

Figure 5 shows the results of such measurements on a rat on which red cell 
survival studies were also made by the autoradiographic method and by 
measurements of the Fe content of the circulating blood. This animal was 
given daily injections of iron-dextran and random destruction was high (0-97 %, 
per day as measured in terms of the ®Fe content of the blood, 0-82 % per day 
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as measured autoradiographically) yet there was no significant change in 
grain count over the labelled cells even after 63 days, by which time 70% of 
the labelled cells had been destroyed. The net grain count over the labelled 
cells averaged 25 grains and the background count 8 grains. 
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Fig. 3. Variation of percentage of **Fe labelled red cells in blood of two' normal rats 
following injection of **Fe-citrate; semi-log. scale. 
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Fig. 4. Variation of percentage of **Fe labelled red cells in blood of two splenectomized 
rats following injection of **Fe-citrate; semi-log. scale. 


In none of the animals studied in this way was a significant change in 
grain count observed during the life of the labelled cells. Hence, the early loss 
of Fe cannot be explained in terms of a slow turnover of iron by the circu- 
lating cells, and must represent a real loss of cells from the circulation. 
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Studies of faecal excretion of **Fe. Another method of study of red cell 
survival with Fe in the rat, which avoids the necessity for repeated injection 
of excess iron, is based on the measurement of **Fe excretion in the faeces. 
5°Fe returned to the metabolic pool as a result of red cell destruction is largely 
re-utilized under normal conditions, but a small fraction is excreted. Excretion 
is mainly in the faeces, although small amounts of Fe appear in the urine. 
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Time after injection of Fe (days) 
Fig. 5. (a) Variation of **Fe content of blood and percentage of **Fe labelled red cells in blood of 
normal rat following injection of **Fe-citrate; semi-log. scale. @, **Fe content of blood; 
O, percentage of labelled cells. 
(6) Mean grain count over labelled cells of same rat as in (a). Full line shows regression of 


mean grain count on time after **Fe injection. Dotted lines show fiducial limits to the slope 
of the regression line for P = 0-05. 


Hence, changes in the rate of red cell destruction are paralleled by changes in 
the daily Fe output in the faeces (Foreman, Huff, Oda & Garcia, 1952; 
Baxter et al, 1955). | 

Figure 6 shows results of faecal excretion studies in three normal animals 
given 10 yc Fe subcutaneously. Figure 7 shows similar studies on three 
splenectomized animals. The excretion curves may be divided into three 
phases. The initial fall in faecal Fe content probably represents clearance of 
5*Fe from the labile iron pool. This phase is followed by a phase of relatively 
constant daily output during which random destruction of red cells pre- 
dominates. The daily output then increases by a factor of two or three to a 
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broad maximum during which cells are destroyed as a result of senescence. The 
maximum due to senescence is not always clearly defined but is usually 


recognizable. 
025 
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| Fig. 6. °*Fe excretion in faeces of three normal rats 


| following injection of **Fe-citrate. 
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Fig. 7. **Fe excretion in faeces of three splenectomized rats 
following injection of **Fe-citrate. 


: Because of random destruction and re-utilization effects, the maximum due 
}. ‘to senescence has a slight positive skewness and the mode is displaced relative 
to the time of maximum red cell destruction by about one day. Further small 
corrections are necessary for the time of incorporation of *Fe into the circu- 
lating red cells and for the interval between destruction of labelled cells and 
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the appearance of radioactivity in the faeces. On the basis of red cell uptake 
studies (Baxter et al. 1955) the former is taken as 1 day; since the faecal *Fe 
content is maximal 3 days after injection of iron, the latter interval is esti- 
mated at 3 days. Results for twelve normal animals corrected in this way 
indicated a mean potential life span of 58 days with a standard deviation of 
+2-1 days. Eight splenectomized animals showed a mean potential life span 
of 68 days with a standard deviation of + 4-1 days. 
| Studies with ™Or 

Survival studies with ™Cr-labelled cells were carried out by taking blood 
from donor animals, labelling in vitro with ™Cr, and injecting into litter-mate 
recipients. Each recipient animal received 0-5 ml. of labelled cell suspension 
containing 10-15 yc ™Cr, the chromium content of the labelled cell suspension 
being 0-4~1-2 ng/ml. 0-02 ml. blood samples were taken daily from the cut 
tails of the recipients and haemoglobin concentration and Cr content assayed. 
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Fig. 8. Variation of “Cr content of blood of normal rats following injection of "Cr labelled red 
cells; semi-log. scale. The envelope shows the range of survival in twenty-three animals. The 
full line represents the survival caloulated according to the equation 

(l-e-*?) 


Figure 8 shows the range in ™Cr-survival observed in twenty-three norma! 
animals, the data being corrected as described above for the increase in blood 
volume with growth and for the amounts of *\Cr removed in successive samples. 
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In a few instances survival was initially within the normal range, but after an 
interval of 8-15 days the remaining labelled cells rapidly disappeared from the 
circulation and the blood haemoglobin concentration fell precipitately, prob- 
ably because of an immune response of the recipient to the injected cells. Such 
results have been excluded from the analysis of the data. 

If it is assumed that the data can be represented exponentially, the mean 
\0r half-clearance time may be estimated as 20-7 days with a standard 
deviation of + 2-5 days. However, although "Cr survival curves approximate 
to exponential form over their initial part (Donohue et al. 1955) they cannot 
properly be represented as either exponential or linear functions of time. 
Dornhorst (1951) has shown that if red cells which have a constant potential 
life span but which are also subject to random destruction are transfused 
from a normal donor to an equivalent recipient, the survival of the transfused 
cells in the recipient is given by 


where m, = number of transfused cells surviving at time ¢ after transfusion, 

m = number of transfused cells present at time 0, 

k = coefficient of random destruction, and 

T = potential life span. 
This equation assumes that the survival of the transfused cell sample in the 
recipient animal is identical with that of the parent cell population in the 
donor, and also ignores the variation in potential life span. The latter assump- 
tion has little consequence in the situation under discussion, but in applying 
the method of analysis to "Cr survival data account must be taken of the 
elution of “Cr from the labelled cells in the recipient’s circulation. If the 
latter process obeys an exponential law, the “Cr content of the circulating 
blood will fall according to the relationship 


where N, = total amount of “Cr in circulating red cells at time ¢ after 
transfusion, 
N, = total amount of “Cr in circulating red cells at time 0, 
k = coefficient of random destruction, 
k, = coefficient of “Cr elution, and 
T = potential life span. 
The results of the studies with *Fe indicate values of 59 days and 0-0049 days~ 
for T and k, respectively. Difficulty in the accurate analysis of the "Or data 
arises, however, because of lack of knowledge concerning the coefficient of 
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elution k,. Ebaugh, Emerson & Ross (1953), Necheles, Weinstein & LeRoy 
(1953) and Read, Wilson & Gardner (1954), report a value of 77 days for the 
51Cy half-clearance time for “Cr elution from human red cells, corresponding 
to a value of 0-0090 days for k,. Ifa similar value applies for the red cells of 
the rat, the expected form of the °Cr survival curve may be predicted, and is 
seen to fall well within the observed range (Fig. 8). The ®Fe data suggest that 
the mean potential life span is relatively constant, but that the extent of 
random destruction may vary considerably between individual animals. The 
rather wide variation observed in “Cr survival can be in part attributed to 
such variation in random destruction rate. 


DISCUSSION 


The results of the studies with **Fe may reasonably be interpreted in terms of 
a hypothetical random destruction mechanism operating on a cell population 
whose potential life spans are symmetrically distributed, although the data do 
not exclude the possibility of a skew distribution of potential life span. The 


Tasie 3. Summary of results with **Fe 


Number dosage tial of random Mean 
Condition of Method of of interval span destruction life span 
animal investigation animals (days) (days) (%perday) (days) 
Normal Assay of *¥Fe in 2 2 59 0-48 51-5 
y 2 61 0-50 53 
Assay of *Fe in 12 59+2-1 
faeces 
Splenectomized Assay of **Fe in 2 2 65 0-48 55-5 
blood 
y 2 68-5 0-41 60 
Assay of *Fe in 8 6844-1 


results of the various studies with **Fe are summarized in Table 3. The values 
of mean life span quoted in this table represent the mean survival times of all 
cells, including both those cells undergoing random destruction and those 
removed as a result of senescence; these values have been derived from the 
observed values of mean potential life span and random destruction rate 
according to the relationship 


T = Neat 
oJ 0 
where 7’ = mean life span, 
N, = number of cells initially labelled with 5*Fe, and 


N, = number of labelled cells surviving at time ¢ after emergence into 
circulation. 
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The combined results of the Fe studies in normal animals by all three 
methods described indicate a mean potential life span of 59 days with a 
standard deviation of +2 days. However, because of the contribution of 
random destruction, the mean life span of all red cells is less than this value 
by a variable amount depending on the degree of random destruction and 
may be estimated at 49-55 days. 

These results are in general agreement with those of other recently reported 
studies of red cell survival in the rat with “C-labelled cells (Van Dyke, Asling, 
Berlin & Harrison, 1955) and with Fe-labelled cells (Burwell et al. 1953; 
Davis et al. 1955). However, a direct comparison with the values quoted by 
these workers is not possible, since they have based their estimates of mean 
life span on the time at which the circulating radioactivity fell to the 50% 
level, and have made no attempt to assess the relative importance of random 
destruction and senescence. Burwell et al. (1953) remark that destruction 
appears predominantly random in nature in the rat and evidence of initial 
random loss also appears in the experimental data of Berlin et al. (1953) 
and Davis et al. (1955). On the other hand, no random destruction can be 
observed in the results obtained by Berlin & Lotz (1951), Berlin, Meyer & 
Lazarus (1951), Fryers & Berlin (1952) or Van Dyke et al. (1955) on normal rats. 

The finding of a significant degree of random destruction in the rat is of 
interest in view of the similar observations by Neuberger & Niven (1951) with 
15N-labelled cells in rabbits, by Brown & Eadie (1953) with *Fe-labelled cells 
in cats and rabbits and by Bush, Berlin, Jensen, Brill, Cartwright & Wintrobe 
(1955) with ®Fe-labelled cells in swine. On the other hand, no evidence of 
random destruction in the cat was found by Valentine, Pearce, Riley, Richter 
& Lawrence (1951). Brown & Eadie (1953) found only very slight random 
destruction in dogs, and the results of Shemin & Rittenberg (1946) do not 
suggest a significant degree of random destruction in normal humans. 

Both the results of the ®*Fe studies and the “Cr studies presented above 
suggest that whereas the mean potential life span in the normal rat is relatively 
constant, the rate of random destruction may vary considerably from one 
individual to another. Similar conclusions were reached by Bush e¢ al. (1955) 
and by Neuberger & Niven (1951) in their respective studies on swine and © 
rabbits. The exact nature of the random destruction process remains obscure. 
The results of the autoradiographic studies of variation in grain count exclude 
the possibility that it could be due to catabolism of haemoglobin by the circu- 
lating red cells. It must therefore represent a true loss of cells from the 
circulation either by extravasation, phagocytosis or intravascular destruc- 
tion. There is good evidence that this random loss may be accelerated in 
infection, inflammation, thermal injury and other abnormal conditions. 

The combined results of the ®*Fe studies in splenectomized animals indicate 
a mean potential life span of 67 + 4 days and a mean life span of 54-63 days. 
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These results indicate a significant increase (P <0-001) in the mean potential 
life span of the rat after splenectomy, although there is no evidence that the 
rate of random destruction is affected by removal of the spleen. Ponder 
(1948) has emphasized that sequestration of blood in the spleen under condi- 
tions of partial anoxia and haemoconcentration may accelerate the mechanisms 
of senescence leading to the eventual destruction of the red cells. Experi- 
mental data relating to the effects of splenectomy on red cell survival in 
experimental animals are scanty, although the finding of accelerated red cell 
destruction in experimentally produced splenomegaly is well documented. 
Giblett et al. (1956) using the "Cr technique observed very marked shortening 
of “Cr survival in rats with ‘hypersplenism’ induced by methylcellulose 
injection. They also found a slight lengthening of “Cr survival in splenecto- 
mized rats as compared with normal rats, but could not attribute statistical 
significance to this finding. Because of the variation in random destruction 
rate between different individuals, the "'Cr technique cannot, however, be 
regarded as a very sensitive index of small changes in potential life span. 

The ™Cr half-clearance time of 20-7 + 2-5 days reported above is slightly but 
significantly greater than that of 18-4 + 1-5 days quoted by Giblett et al. (1956). 
The slight discrepancy can be explained by the fact that these workers have 
not corrected their data for changes in blood volume with growth during the 
course of their experiments. The lower values of 10 days quoted by Donohue 
et al. (1955) and 8 days by Hall, Nash & Hall (1957) may be attributed to the 
use of low specific activity ™Cr (1-3 ywc/ug Cr) with the consequent incorpora- 
tion into the labelled blood of amounts of metallic chromium sufficient to 
cause irreversible damage to the red cells. Giblett e al. (1956) observed ab- 
normally shortened survival at chromium concentrations of 20-25 pg/ml. of 
red cells. 

Precise analysis of the “Cr data in terms of red cell survival is not possible 
because of the asymmetrical distribution of red cell life span and because of 
lack of knowledge concerning the elution rate of "Cr from the rat red cell. 
Giblett e al. (1956) assumed that red cell destruction in the rat is a purely 
exponential process, and on this basis arrived at a figure of 39 days for the 
half-life of the elution process. The Fe data reported above show, however, 
that the assumption of exponential destruction is invalid, and that the elution 
rate is probably thereby overestimated. From a comparison of the results of 
the studies with Fe and "Cr it appears that the half-life for “Cr elution from 
rat red cells is close to the value of 77 days reported for human red cells by 
Ebaugh et al. (1953), Necheles et al. (1953) and Read, Wilson & Gardner (1954). 


If such a value is assumed, good agreement is obtained between the results of 
studies with these two isotopes. 
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SUMMARY 


1. Red cell life span was studied in male rats of the ‘ August’ strain by 
radioactive tracer techniques with Fe and Cr, Studies with Fe were based 
on radioactive assay of circulating blood, on autoradiographic measurements 
of the percentage of labelled cells in circulating blood and on radioactive assay 
of faeces after labelling the red cells in vivo by intravenous injection of Fe 
as iron-citrate complex. Studies with "Cr were based on radioactive assay of 
circulating blood after intravenous injection of red cells labelled with "Cr 
in vitro. 

2. Studies with Fe on normal rats indicated a mean potential life span of 
59+2 days. Because of a loss of Fe from the circulation throughout the 
potential life span attributable to random destruction, the mean life span was 
found to be less than this value and had a range of 49-55 days. It was shown 
that this loss of activity was not due to turnover of iron by the circulating 
cells but represented a real loss of cells from the circulation by extravasstion 
or intravascular destruction. 

3. Studies with **Fe in splenectomized rats indicated a mean potential life 
span of 67+4 days and a mean life span of 54-63 days. The mean potential 
life span in splenectomized animals was significantly greater than the cor- 
responding value in normal animals, but there was no evidence that the rate 
of random destruction was affected by removal of the spleen. 

4. Studies with "Cr in normal rats indicated a ™Cr half-clearance time of 
20-7 + 2-5 days, in good agreement with the results obtained with “Fe. 

5. The significance of these results is discussed in regard to the mechanisms 
of red cell destruction. 


REFERENCES 
Baxter, ©. F., Bercuse, E. H., Harriss, E. B. & Lamerron, L. F. (1955). Anaemia and erythro- 
poiesis in ‘the irradiated rat: an experimental study with particular reference to techniques 
involving radioactive iron. Brit. J. Haematol. 1, 86-103. 


Be.ousr, E. H. & Hanziss, E. B. (1956). Radioactive tracer investigations of red cell survival in 
the rat. In Radioaktive ve pein in Klinik und Forschung, 2, pp. 5-11, ed. Futimesa, K. & 
Verrer, H., Miinchen and Berlin: Urban and Schwarzenberg. 

Betcuur, E. H. & Harriss, E. B. (1957). Studies of plasma volume, red cell volume and total 
blood volume in young growing rats. J. Physiol. 139, 64-78. 

Brau, N. I., Horr, R. L. & Hennessy, T. G. (1951). Iron metabolism in the cobalt-poly- 
cythemic rat. J. biol. Chem. 188, 445-450. 

: haemorrhage. Proc Y., 78, 788-790 

Berit, N. Meyzr, L. Laan, M. (1951). Life span of the rat red blood cell as deter- 
mined by glycine-2-0%, Amer. J. Physiol. 165, 565-567. 

Beri, N. L., Vaw Dyxz, D. C. & Lorz, C. (1953). Life span of the red blood cell in the hypo- 
physectomized rat. Proc. Soc. exp. Biol., N.Y., 82, 287-288. 

Brown, I. W. & Eaprs, G. 8. (1953). An anal siyoben of in vivo survival of limited popu- 
lations of animal red blood cells lis tagged with radioiron. J. gen. en 27-343. 

Burwett, E. L., Batoxuey, B. A. & Fovon, ©. A. (1953). Erythrocyte life span in small animals: 
comparison of two methods employing radioiron. Amer. J. P . 172, 718-724. 


” 
4 ; 
4 
t 
~> 


234 E. E. BELCHER AND EILEEN B. HARRISS 


J. A., Bentoy, N. L., W. N., Bers, A. B., Canrwricnt, G. E. & Worrross, M. M. 
(1955). ’ Erythrocyte life span in growing swine as determined by glycine-2-O™. J. exp. Med. 
101, 451-459. 

Cresxorr, A. J. & Frranven, T. (1937). The maturation of transfused reticulocytes in the rat. 
J. clin. Invest. 16, 680. 

Davis, W. M., Atrun, E. L. & Davis, A. K. (1955). Studies of radioiron utilization and erythro- 
cyte life span in rats following thermal injury. J. clin. Invest, 34, 67-74. 

Dowtacn, I. & Pero, 8. R. (1950). Autoradiography. Brit. J. Radiol. N.S., 23, 184-192. 

Doronvz, D. M., Moruusxy, A. G., Grauerr, E. R., Prmzro-Bmort, G., Viranvvarti, V. & 
Foon, C. A. (1955). The use of chromium as a red-cell tag. Brit. J. Haematol. 1, 249-263. 

Dorwnorst, A. ©. (1951). The interpretation of red cell survival curves. Blood, 6, 1284-1292. 

Eanpre, G. 8. & Brown, I. W. (1953). Red blood cell survival studies. Blood, 8, 1110-1136. 

Exavon, F. G., Emerson, C. P. & Ross, J. F. (1953). The use of radioactive chromium-5] as an 

yte tagging agent for the determination of red cell survival in vivo. J. clin. Invest. 
32, 1260-1276. 

Esconsr, R. A. & Batpwin, F. M. (1934). The longevity of the erythrocyte. Amer. J. Physiol. 
107, 249-258. 

ing excretion of radio-iron. Proc. Soc N.Y., 79, & 

G. R. & Bear, N. (1952). 
pressure. Amer. J. Physiol. 171, 465-470. 

E. R., A. G., Casserp, F., Hovenron, B. & Fron, C. A. (1956). Studies on 
the pathogenesis of splenic anemia. Blood, 11, 1118-1131. 

Grsson, J. G., Aus, J. C., Evans, R. D.,Pzacock, W. C., Invive, J. W. & Sack, T. (1947). The 
measurement of post-transfusion survival of preserved stored human erythrocytes by means 
of two isotopes of radio-active iron. J. clin. Invest. 26, 704-714. 

GOLBERG, L., Surru, J. P. & Manto, L. E. (1957). The effects of intensive and prolonged ad- 

ministration of iron parenterally in animals. Brit. J. exp. Path. 38, 297-311. 

Haut, C. E., Nasu, J. B. & Haxx, O. (1957). survival and blood volume in the rat as 
determined by labelling the red cells with Cr. Amer. J. Physiol. 190, 327-329. 

Hargng, O. G., Lurz, J. F. & Davis, C. L. (1938). The life duration of the red blood cell (rat). 
Bull. Md. Sch. Med. 28, 143-144 

Horr, R. L., T. G., R. E., Garon, J. F., Roserts, B. M. & J. H. 
(1950). Plasma and red cell iron turnover in normal subjecta and in patients having various 
haematopoietic disorders. J. clin. Invest. 29, 1041-1052. 


NecuE.ss, T. F., Wemstem, 1. M. & LeRoy, G. V. (1953). Radioactive sodium chromate for 
the study of survival of red blood cells. J. Lab. clin. Med. 42, 358-367. 

we Rr A. & Niven, J. 8. F. (1951). Haemoglobin formation in rabbits. J. Physsol. 112, 

Ponper, E. (1948). Haemolysis and Related Phenomena, pp. 337-340. London: Churchill. 

Powticorvo, L., Rrrrensere, D. & Biocon, K. a. The utilisation of acetate for the synthesis 
of fatty acids, cholesterol and protoporphyrin. J . biol. Chem. 179, 839-842. 

Reap, R. C., Wirson, G. W. & Garpwer, F. H. (1954). The use of radioactive sodium chromate to 


evaluate the life span of the red blood cell in health and certain haematological disorders. 
Amer. J. med. Sci, 228, 40-52. 


Sonronrt, E. (1938). On the duration of life of the red blood corpuscles. Acta med. scand. 95, 49-79. 
H. (1930). Uber den Verlauf der Blutregeneration nach Anaimien ein Beitrag 
zur Frage der Lebensdauer der Erythrozyten). Folia haemat., Lpz., 42, 158-163. 
Suemin, D. & Rirrensere, D. (1946). The life s f the h 
rey finn ( ). pan of the human red blood cell. J. biol. Chem. 
Vatenting, W. N., Pearce, M. L., Rivey, R. F., Ricurer, E. & Lawrence, J. 8. (1951). Heme 
synthesis and erythrocyte life span in the cat. Proc. Soc, exp. Biol., N.Y., T1, 244-245. 
Van Dyxs, D. C., Astra, C. W., Berry, N. I. & Harrison, R. G. (1955). Failure of cobalt to 
influence the life span of the erythrocyte. Proc. Soc. exp. Biol., N.Y. 88 88, 488-489. 


d 
I 


© © © © 


4 4 
d 
a 
‘ 


J. Physiol. (1959) 146, 235-251 


ACTIVE TRANSPORT THROUGH THE EPITHELIUM 
OF THE RETICULO-RUMEN SAC 


By A. DOBSON 
From the Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 10 July 1958) 


A potential making the plasma of the sheep about 30 mV positive to the 
contents of the reticulo-rumen sac has been shown to be responsible for the 
absorption of chloride against its concentration gradient (Dobson & Phil- 
lipson, 1958). This potential should affect the partial equilibrium concentra- 
tion in the rumen of any ion which diffuses freely through the rumen epithe- 
lium. Thus it might be expected that the partial equilibrium concentrations 
of the univalent cations in the rumen would be about three times their plasma 
concentration. Sperber & Hydén (1952) found that the potassium concentra- 
tion in a rumen pouch rose to about five times the plasma level, which suggests 
potassium might be a freely diffusing ion. However, sodium was absorbed 
although its concentration in the pouch remained close to that in the plasma. 
This sodium uptake accords with the results of Masson & Phillipson (1951), 
who found that the disappearance of steam-volatile fatty acids from solutions 
in the rumen containing only their sodium salts was greater on an equivalent 
basis than the appearance of bicarbonate and chloride. Thus either a cation 
is taken up from the rumen solution, or it gains an anion, or both. Although 
other explanations can be conceived, it seems likely that sodium was absorbed 
from the concentration used, 166 mm. However, Parthasarathy & Phillipson 
(1958) failed to find movements of sodium against its concentration gradient. 
Further investigation was therefore desirable. 

The first part of this paper is concerned with the demonstration that sodium 
can move against its concentration and electrochemical gradients from the 
contents of the sac to the plasma. The second part deals with the movements 
of chloride against its electrochemical gradient which were found during the 
course of the investigation of sodium movements. This necessitated a study 
of the steady state of chloride within the epithelium. A preliminary account 
of these experiments has been given (Dobson, 1955; Dobson & Phillipson, 
1956). 
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METHODS 


Absorption experiments. The surgical preparation and the measurement of ion fluxes and electro- 
chemical potential difference have been fully described (Masson & Phillipson, 1951; Dobson & 
Phillipson, 1958). In brief, the cannulated reticulo-rumen sac of a small sheep under pentobar- 
bital anaesthesia is isolated, washed clean with tap water and drained. An experimental solution 
is introduced into the isolated sac, and after a time drained and then washed out. The change in 
amount of an ion is calculated from the amounts introduced and recovered, using acetate as a 
marker of thedrainage volume. Small corrections are made for the amount of the ion in the washing 
solution, and the flux into the washing solution. These corrections are important for chloride and 
potassium changes, but for sodium are relatively small and can be omitted. Sodium and potassium 
enter the tap water washing solution at about 0-7 and 0-2 m-equiv in 2-3 min respectively. 

The concentration contribution to the electrochemical potential difference, Z, in mV at 39° C, 
is given by the following expression 

E P In 62 log 
where c is the concentration, subscript 1 referring to the sac contents and 2 referring to the 
plasma. This is added to the electrical contribution, zV, where z is the ion charge and V the 
electric potential difference, to give an estimate of the electrochemical potential difference. 


Tas_E 1. Composition of experimental solutions, made up in tap water and 
equilibrated with 95% O, +5% CO, at 39° C 


Concentration (mm) 

Expt. Soln. Na+ K+ Ac- HCO,- 
56 1 155 25 30 141-3 8-7 
56 i 165 15 30 141-3 8-7 

3° 105 25 30 91-3 8-7 

57 1 150 30 30 141-3 8-7 
2 75 105 30 141-3 8-7 

3 50 130 30 141-3 8-7 

62 1 15 105 30 141-3 8-7 
2 150 30 30 141-3 8-7 

3 50 130 30 141-3 8-7 

66 1 177 5 35 138-3 8-7 
2 157 25 35 138-3 8-7 

79 l 80 100 30 141-3 8-7 
2 80 100 10 161-3 8-7 

3 80 100 50 121-3 8-7 

4 80 100 20 151-3 8-7 

117 A 150 30 30 141-3 8-7 
B 80 100 30 141-3 8-7 

Tap water - 0-8 0-06 0-8 — wiki 


* Contained 0-1m sucrose. 


The weight of epithelium was used to give a common basis between sheep for the flux measure- 
ments. The rumen and reticulum epithelia were stripped from the muscle by tearing it along the 
connective tissue separating them. The stripped epithelium was blotted dry and weighed to give 
the epithelium wet weight. Later it was found that the dry weight would be a better basis, as the 
wet:dry weight ratio for the whole epithelia was about 6-8, whereas in small samples the ratio 
is 5, It appears that it is difficult to blot dry such a large mass of tissue. The water content of 
stripped rumen epithelium was taken as the weight loss on drying at 105° C. To extract ions for 
analysis, the dried tissue was soaked during the night in 0-1 n-HNO, (Whittam, 1956). 
Solutions. The composition of the solutions placed in the reticulo-rumen sac is given in Table 1. 
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Analysis. Sodium analysis on the rumen solutions was carried out after traces of protein, 
phosphate and sulphate were removed by a copper-lime treatment. It was determined gravi- 
metrically as sodium zinc uranyl acetate following the procedure recommended by Kolthof 
& Sandell (1952) except that precipitation and weighing were carried out in the same sintered 
glass crucible (Peters & Van Slyke, 1932). Determinations were performed at least in triplicate 
with the same number of blank estimations. Up to Expt. 56 1 ml. portions were analysed, in 
later experiments 2 ml. The 8.8. of a sodium estimation in triplicate on a 2 ml. sample would be 
+0-5 mm, 

The potassium concentration in rumen solutions was estimated after a copper—lime treatment 
and removal of traces of ammonia, by weighing as the tetraphenyl boron salt (Kohler, 1953). 
The precipitate was formed at 30-50° C (Geilman & Gebauhr, 1953) and washed with 3 x 5 ml. 
of water. The 8.8. of duplicate estimations was 1% or better. 

Bicarbonate concentration was estimated as follows: 2 ml. of 0-1 n-HCl, 4 ml. experimental 
solution, 10 ml, distilled water and 2 drops phenol red were mixed and gassed for 15 min with 
CO,-free air, before titrating to the end point with CO,-free 0-1 w-NaOH. The titration was then 
repeated substituting 4 ml. distilled water for the experimental solution. The difference between 
the two titres was taken to be equivalent to the bicarbonate in the sample. Titration with a glass 
electrode showed that the acetate present could give rise to an overestimation of 0-5 mm. When 
calculating the change in the amount of bicarbonate in the rumen this error will tend to cancel 
out. The pH changes of the solution in the rumen are small and involve only a slight error. Taking 
these factors into consideration, the contribution of the analysis to the error was taken as + 0-3 mM, 
which will give rise to an error of + 0-6 m-equiv in a typical flux measurement. 

Chloride was estimated potentiometrically (Dobson & Phillipson, 1958). Acetate was deter- 
mined as steam-volatile acid. Lactate was estimated by the method of Barker & Summerson 
(1941). Ammonia was estimated by the method of Conway (1957). Phosphate was determined by 
the method of Allen (1940). 

Sodium and potassium concentrations in plasma, rumen liquor, tap water used to wash the 
rumen, and tissue extracts were determined on suitably diluted samples by flame photometry 
using an EEL photometer. The readings were corrected by calibration curves allowing for mutual 
interference of these ions. The error of these estimations is of the order of + 2%. 

Arteriovenous difference, Haemoglobin estimations were made on blood samples drawn into 
all-glass syringes containing a little solid heparin. Duplicate weighed samples (0-1—0-2 ml.) of well- 
mixed blood were delivered into 25 ml. of 7mm ammonia solution (Nicholas, 1952). These were 
then read in 1 cm cell on a Beckman spectrophotometer at 541 my. The specific extinction coef- 
ficient of 1 em of 1% (w/v) whole blood gave the relative haemoglobin concentration. The s.£. 
of duplicate estimations was 0-36 % (22 degrees of freedom). 

Two more weighed samples (0-5 ml.) were diluted with distilled water for sodium estimations 
on the flame photometer. To reduce random errors the samples of the corresponding arterial and 
venous blood were run alternately through the photometer so that each dilution was estimated 
in octuplicate. The readings were corrected for the instrument calibration, but not for inter- 
ference of other ions, as it was assumed that all such systematic errors would tend to cancel in the 
calculation of the arteriovenous difference. The s.. of the mean of duplicate samples taken 
through this procedure was 0-4 m-equiv/kg (22 degrees of freedom). 

Conventions. A net flux is given a positive sign if its direction is from rumen contents to plasma. 
The electrochemical potential difference and its components are measured with respect to the 
plasma. This means that thesign of the electrochemical potential will be the same as the sign of the 
flux for an ion which is moving down its electrochemical potential difference. 
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RESULTS 
Major ion fluxes 
In order to identify the major ion fluxes the absorption of all the ions in the 
solution introduced into the reticulo-rumen was followed. The results of one 
such experiment are given in Table 2. A large uptake of acetate was found, 
with the appearance in the sac of about half its equivalent of bicarbonate. This 
agrees with the observations of Masson & Phillipson (1951). A large uptake of 
sodium was found together with a fall in the concentration in the rumen below 
that of the plasma. The chloride and potassium movements were much smaller. 


Tasie 2. Expt. 55. Concentration changes and the quantities of ions absorbed from 
1-5 1. in the isolated reticulo-rumen sac in 91 min. Water uptake 100 ml. 


Concn. in rumen Conen. in plasma 
(mm) (mm) 8.B. 
ston A ( +m- 
Initial Final Initial Final (m-mole) mole) 
Nat 149 134 150 145 36-6 2-4 
Kt 23-5 22-2 3-38 3-43 4-2 0-3 
Cl- 29-3 30-36 99* 98* 1-4 0-11 
134 92 74 1-4 
HCO,- 9-1 35-4 -38 0-6 
Nat+K+t 172 156 41 
Ac-+HCO,-+Cl- = 1172 158 37 


* Corrected for chloride shift on exposure to air. 


As the chloride concentration in the rumen was near the expected partial 
equilibrium concentration, only a small flux was to be expected. If chloride 
was following its electrochemical gradient, as has previously occurred with 
similar solutions, the electrical potential. between blood and contents would 
be more than 32 mV and probably, from previous experience, was 33-40 mV. 
This was not measured. Assuming this range the electrochemical potential 
of potassium would be 18-11 mV. Thus potassium moved down its electro- 
chemical potential. | 

The sum of the movements of sodium and potassium agreed within the 
experimental error with the sum of the movements of acetate, bicarbonate and 
chloride. The tendency of cation uptake to exceed the anion was noted in other 
experiments. This difference would increase if the appearance of metabolic 
anions in the rumen contents were taken into account. In Expt. 56, Period 1, 
the amount of lactate was found to be small, only 1-5 m-equiv appearing 
in the sac contents in 90 min. Ammonia movements are even less important. 
Thus in Expt. 57, Period 3, 0-3 m-equiv appeared in 67 min. The possibility 
that small amounts of calcium and magnesium appear in the sac seems likely 
if this discrepancy is real. 
As the results of this experiment were confirmed in other absorption 
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experiments, the major ion fluxes have been identified. The movement of 
sodium against its concentration and potential gradient merited further 
study. 
Sodium movements 

A series of absorption experiments was undertaken to confirm that large 
sodium uptakes took place when the concentration was below that of the 
plasma. To lower the sodium concentration without lowering the tonicity, 
either a neutral compound could be introduced or another cation substituted 
for sodium. In Expt. 56 sucrose was included in one solution put in the rumen. 


TaBLE 3. Concentration changes of sodium during absorption from the isolated reticulo- 
rumen sac. The error in volume change will not exceed + 20 ml. 


Sodium concentration (mm) 


Rumen Plasma uptake 8.E. Water 
Expt. Period Initial Final Initial Final equiv) equiv) (ml) (min) 
56 1 160 144 142 ~—= 132 28-7 2-7 27 
2 102 92 134 134 17-5 2-7 15 91 
57 1 145 136 142 ~ = 142 21-0 2-8 0 62 
2 74 71 148 4-8 2-8 3 64 
3 50 48 146 150 1-8 3-1 -24 67 
62 1 76 67 140 = MA 16-6 1-9 25 67 
2 140 22-6 2-8 37 64 
3 49 41 143 «144 13-4 2-7 20 62 
66 1 167 156 24-7 2-0 40 x4 
2 147 140 + 8173* 168* 18-0 2-0 40 71 


* These figures seem abnormally high but no other reason could be found for discarding 
them. 


Tasie 4, Contributions of the concentration and electrical p.d. to the electrochemical p.d. 


of sodium 
Sodium 

flux 

Mean Ex, Mean zV Ey,+zV (m-equiv/ 
Expt. Period (mV) (mV) (mV) min) 
56 1 2-8 — 22-7 - 20 0-31 
2 — 8-8 — 22:3 -3l 0-19 
57 1 0-1 — 29-7 -30 0-34 
2 19-5 42-0 62 0-08 
3 — 29-6 43-7 -74 0-03 
62 1 — 18-3 — 49-3 - 68 0-25 
2 -18 — 24-2 — 26 0-35 
3 —31-4 — 48-4 - 80 0-22 
66 1 -17 -51 -7 0-30 
2 ~46 ~18-6° 23 0-25 


In two experiments potassium concentration was raised. The sodium and water 
movements are summarized in Table 3 and the electrochemical gradients are 
given in Table 4 and Fig. 1. 

In every period an uptake of sodium was found, with a fall in concentration 


in the sac. The sodium flux was large when concentrations in the rumen were 
16-2 
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close to that in the plasma. Fluxes against a concentration ratioof x2and x3 | 
were reduced, but were still significant in Expt. 62. As all fluxes took place ' 
against the electrochemical potential difference it was concluded that an 
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additional force must be acting on sodium, driving it into the plasma. 
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lon flux (m-equiv/min kg dry wt.) ; 

Fig. 1. Ion fluxes from rumen for different electrochemical potential differences between rumen 
contents and plasma. @, sodium; ©, chloride with high sodium and low potassium concentra-— 
tion (from Dobson & Phillipson, 1958); @, chloride with low sodium and high potassium 
concentration. Horizontal lines indicate +1 s.x. of flux. 


These results suggest that sodium is taken up from normal rumen contents. 
To confirm this, a different technique was used. A normally fed large sheep i 
was anaesthetized and the rumen wall exposed by an incision in the left side 
of the abdomen. Blood samples were taken millilitre for millilitre simul- 

_ taneously from a rumen vein and artery. Well mixed, weighed samples of 
whole blood were then analysed for sodium and haemoglobin, and the arterio- ) | 
venous water and sodium differences calculated. The results of experiments | | 
on three sheep are given in Table 5. i 

From the difference between duplicate analyses, and the variability of the , 
methods, the standard error of the arteriovenous difference for sodium is 
0-8 m-equiv/kg whole blood. Samples taken simultaneously from the rumen : 
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artery, carotid artery and posterior aorta agreed within this range. It was 
concluded from these results that sodium is taken up from normal rumen 
contents. 


TaBie 5. Arteriovenous difference across the rumen of anaesthetized, normally fed sheep 


Whole blood concentration difference 
r aA —— for 1 kg 
Carotid artery Rumen vein carotid blood 
Na (m- Na (m- Water Na (m- Na 
Expt. Hb* equiv/kg) Hb* equiv/kg) (g) equiv) (mm) 
75 0-884 109 0-879 109 6 1 107 
76 0-809 124 0-792 127 21 6 120 
77 0-874 105 0-858 108 19 4 101 


* Extinction (541 my) of 1 cm of 1% (w/v) whole blood. 
Chloride movements 

The movements of chloride were followed in each absorption period to check 
that it moved in the direction predicted by its electrochemical potential 
difference (Dobson & Phillipson, 1958). Movements against this gradient 
were found in two circumstances: first, in the presence of sucrose, and 
secondly when the potassium concentration in the rumen was raised to allow 
the sodium concentration to be lowered. In the second absorption period 
of Expt. 56, when 0-1m sucrose was present, the electrochemical potential 
difference for chloride was —9-5 mV, but'an uptake of 2-00 + 0-11 m-equiv of 
chloride was found. In contrast, in the first period with a similar electro- 
chemical potential difference, —7-7 mV, a net uptake of —2-83+0-12m- 
equiv was observed. The use of sucrose in the experimental solution was 
abandoned for reasons advanced in the Discussion, and no attempt was made 
to repeat this observation. Anomalous chloride movements in the presence 
of raised rumen potassium levels were encountered in Expts. 57 and 62. The 
chloride movements and contribution to the electrochemical potential 
difference are given in Table 6. 

Although in the first absorption period of Expt. 57 the movement of chloride 
into the contents of the sac took place down the electrochemical potential 
gradient of the ion, in the second and third periods similar movements were 
observed against the electrochemical potential difference. Similar solutions 
were introduced in a different order in Expt. 62. A movement against the 
electrochemical potential difference into the contents of the sac was found with 
the first solution with raised potassium concentration. In the second period, 
when the potassium concentration was low, a chloride movement against the 
electrochemical potential difference was observed, this time into the blood. 

These movements were all rather small, and made at the same chloride 
concentration. In Expt. 79 a high potassium concentration was maintained 
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constant during four half-hour absorption periods and the chloride concentra- 
tion was varied. In periods 2 and 3, where a high and low chloride concentra- 
tion dominated the electrochemical potential difference, the chloride flux 
followed the electrochemical gradient. In the first period a flux into the ramen 
contents against the electrochemical potential difference was observed and 
in the fourth period a similar flux was found when the electrochemical potential 
difference was negligible. 


TaBie 6, Uptake of chloride and components of its electrochemical p.d. with 
high potassium and low sodium concentrations in the rumen 


Chloride 
Rumen concn. (mM) uptake 8.5. 
E MeanzV (m- (+m- Time 
Expt. Period Potassium Chloride (mV) (mV) (mV) equiv) equiv) (min) 
57 30 31-2 32-0 29-7 -23 ~4-4 0-12 62 
2 105 30-5 -319 420 101 -13 0-11 64 
3 130 30:1 ~33-4 43-7 10-3 ~1-2 0-11 67 
62 1 105 31-1 -323 49-3 17-0 -18 0-11 67 
2 30 30-2 -314 22 -172 0-28 0-11 64 
3 130 29-7 -326 484 158 1-6 0-11 62 
79 1 100 31-3 -315 448 13-3 -1-4 0-12 32 
2 100 12-1 ~ 57-2 442 -13-0 -4-6 0-05 31 
3 100 49-0 -190 328 13-8 1-2 0-18 31 
4 100 21-2 -41-7 41-8 0-1 —2-4 0-08 37 
M, > 
Rumen contents} Membrane Plasma 


Fig. 2. The effect on ion uptake of hypothetical changes in steady state 
of a compartment between rumen contents and plasma. 


The epithelial steady state 

In view of the small quantities of chloride moving against the electro- 
chemical gradient it became necessary to demonstrate that the changes in the 
solution placed in the reticulo-rumen sac represented the movements of 
chloride between the sac contents and the plasma, and not between the sac 
contents and some compartment in between the contents and the blood. The 
_ latter possibility is illustrated in Fig. 2. | 

Suppose that an uptake M, of chloride from the sac into the blood is taking 
place down the electrochemical gradient, and superimposed on this is a leak 
from the epithelium of chloride M, into the sac and M, into the blood, caused 
by the raised potassium concentration in the rumen. The net uptake from the 
rumen would be M,+M,, as M, is a negative quantity. Thus if —M,>M, 
the net change in the rumen contents would be reversed. As the anomalous 
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chloride movements measured are of the order of 2 m-equiv, we can write 
M,+M, = —2 and, as M, is positive, -M, > 2. Therefore the loss from the 
tissue, M,—M, > 2 as M, > 0. 

The epithelium stripped from the reticulum and rumen of the small sheep 
used in these experiments contains about 10 m-equiv chloride. Hence we 
can expect a change in concentration in the stripped epithelium on a dry weight 
basis that is greater than 20%, if changes in the epithelium steady state are 
responsible for the anomalous chloride movements. To investigate this 
possibility, the chloride concentration in epithelial samples taken with differ- 
ent solutions in the ramen was measured. The experiment was conducted 
under conditions close to those in the absorption experiments. The main 
differences were as follows. The solutions were introduced in the ramen down 
a polythene oesophageal tube inserted before the oesophagus was ligated. The 
sheep was left lying on its left side, with the rumen cannula passing through 
a hole in the table through which the solution in the rumen could be drained 
out. The incision made in the right side of the abdomen in order to ligate 
the reticulo-abomasal orifice was not sutured, but closed with clips. To sample 
the epithelium, the rumen was exposed by removing the clips and a pair of 
curved bowel clamps placed on a fold in the rumen wall. The wall inside the 
clamps was quickly removed, leaving a small margin which could be stitched 
up to prevent leakage before the clamp was removed. A small piece of the 
rumen sample was snipped off and dropped into Altman’s fluid for histological 
examination, and the rest was quickly rinsed with distilled water, blotted 
with filter paper, stripped, and placed in weighed, stoppered glass vessels for 
analysis, 

Samples of epithelium were taken from both the dorsal and the ventral sacs 
with three solutions in the sac. One of these, tap water, was chosen because it 
was used for washing out the rumen. The other solutions were similar to those 
used in the absorption experiments. One, A, contained a low, and the other, 
B, a high potassium concentration, with the sodium concentration varying 
inversely. Both contained the same chloride concentration. The sac was washed 
out with water after using A and B to simulate an absorption experiment. 

The results of one experiment are illustrated in Fig. 3. The potential measured 
between jugular blood and rumen contents fluctuated more than in an 
absorption experiment, as it was not possible to keep the contents regularly 
stirred. The potential makes the contents positive to the blood with tap 
water in the sac, and was higher for the solution with the raised potassium 
concentration. These observations have subsequently been confirmed. 

The chloride concentration in the samples of epithelium does not appear to 
alter systematically with time or with the solution in the rumen. In spite of 
the variabilities of the individual concentrations it is clear that no alteration 
was found large enough to explain the anomalous chloride movements in 
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the presence of high potassium concentrations. Hence it can be concluded 
that the larger anomalous movements represent movements from the plasma. 
Thus chloride can move against its electrochemical gradient into the sac when 
the potassium concentration in the rumen is approximately 100 mm and 
sodium 80 mm. 
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Fig. 3. Changes in potential of jugular bridge with respect to ramen contents, and in composition 
of samples of rumen epithelium with different solutions in the rumen. W, Tap water; A, high 
sodium, low potassium concentration; B, low sodium, high potassium concentration; (for 
composition, see Table 1); @, sample from dorsal sac; ©, sample from ventral sac. 


The samples taken for histological examination were st 1ined by Metzner’s 
method. These appeared quite normal except when tap watér was in the rumen. 
In this case the cytoplasm of cells of the basal layer of the epithelium appeared 
to be slightly vacuolated. It was possible to pick out the samples taken when 
tap water was present in the rumen from unmarked slides (P < 0-01) on this 
basis. The water content of these samples was also greater than with the 
solutions isotonic to plasma in the rumen. 

The samples were also analysed for sodium and potassium. It can be seen 
trom Fig. 3 that the treatment does not appear to alter the level of these ions. 
Taking the sixteen samples together, 1 kg dry weight of stripped rumen 
epithelium contains (+8.D.) 230+27 m-equiv chloride, 329+30 m-equiv 
sodium and 238 + 28 m-equiv potassium. In an experiment similar to that 
given, where solution A was substituted for B and vice versa, the corresponding 
results were 255 +43 m-equiv chloride, 366 +60 m-equiv sodium and 270+ 
33 m-equiv potassium. As before, only the water content of the tissue appears 
to alter with the treatments. 
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The variability of the chloride concentration in the samples can be compared 
with analysis of adjacent pieces of fresh epithelium, which gave a concentra- 
tion of 205 + 18 m-equiv/kg dry weight for thirteen samples. Another analysis 
of fresh stripped rumen epithelium of which eight pairs of samples were taken 
at random from the rumen gave 128 + 17 m-equiv/kg dry weight. 


DISCUSSION 


An uptake of sodium was found from solutions in the rumen in eleven absorp- 
tion periods on five sheep. When the sodium concentration ratio across the 
epithelium was near unity, uptakes of 0-25-0-40 m-equiv/min were observed. 
This confirms the observation of Sperber & Hydén (1952), who were working 
with a rumen pouch in a conscious goat. In the remaining periods the uptake 
took place against the concentration gradient. In contrast, Parthasarathy 
& Phillipson (1953) found no absorption of sodium against its concentration 
gradient, although Parthasarathy (1952a) concluded from observations on 
the sodium arteriovenous concentration difference that sodium was absorbed 
from normal rumen contents. Parthasarathy & Phillipson (1953) suggested 
that the discrepancy between their results and the earlier work was due to 
their experimental conditions. The results in this paper indicate that their 
animal preparation was not responsible. A closer examination of their results 
suggests that the two criteria used to judge the flux direction, namely the 
arteriovenous concentration difference and the change in sodium in the rumen, 
were insufficiently precise to be reliable in the critical experiments with 
sodium concentrations below that of the plasma. Thus unless the arterio- 
venous water difference is known, the flux direction cannot be judged from 
arteriovenous concentration differences of 2°%, or less. Similarly, the changes 
in amount of sodium found in their critical experiments, with one exception, 
were within the experimental error of the present study. The use of larger 
animals, and the less accurate sodium method, would tend to increase the 
errors in the results of Parthasarathy & Phillipson. 

The uptakes of sodium from the rumen in the present study all took place 
against the electrochemical gradient of the ion. An additional force is acting, 
driving the ion into the plasma. This force is such as to produce, at times, an 
effect on sodium equilibrium greater than that produced by an electrochemical 
potential difference of 80 mV (Fig. 1). An active sodium transport potential 
of this order is found in frog skin (Linderholm, 1952). 

The movement of sodium against its electrochemical gradient will require 
a source of free energy. This could arise from the coupling of the sodium 
movement to some other flux across the membrane, or to cellular metabolism. 
Coupling to the solvent flux seems ruled out, because of the small water uptakes 
which were found (Table 3). The driving of sodium against its electrochemical 
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potential difference by a mechanism such as a cation exchange diffusion (Levi 
& Ussing, 1948) can be eliminated, as no suitable partner ion can be found. 
Potassium can be ruled out as a partner ion, as movements can take place in 
the same direction as the sodium movements (Table 2). Of the other cations 
in plasma, hydrogen ion is not a possible partner, as solutions in the ramen 
tend toward pH 7-4 (Masson & Phillipson, 1951). The divalent ions and 
ammonia are in very low concentration in the plasma. In addition, the ap- 
pearance in the rumen solution of these ions in equivalent amounts to the 
sodium movement would give rise to an imbalance between measured cation 
and anion uptakes. Therefore it can be concluded that the sodium transport 
is linked in some unknown way to the metabolism of the cell. | 


TaBLe 7, The minimum free energy required to transfer sodium against ite 


electrochemical p.d. 
Rate of working 
Sodium — A 

flux pWw/mg 

Expt. Period (A) m dry wt 
56 1 0-50 10 0-21 
2 0-31 10 0-20 
57 1 0-54 16 0-31 
62 1 0-40 27 0-49 
2 0-57 15 0-27 
3 0-35 28 0-50 
66 1 0-47 3 0-06 
2 0-41 10 0-19 


The minimum free energy requirement of this activity is given in Table 7. 
These calculations were made on the assumption (at present without experi- 
mental evidence) that no transfer occurs of free energy to sodium movements 
from other fluxes across the membrane. The figures in the last column give the 
activity in terms of the dry weights of stripped epithelia. These figures compare 
with the activity in secretion of HCl by the isolated gastric mucosa of the frog, 
the mean minimum energy requirement of which is given as 0-9 1W/mg dry 
weight (Crane & Davis, 1951). The isolated frog skin produces electrical energy 
at a similar rate, 0-25 1. W/mg dry weight (Linderholm, 1952), but the osmotic 
work of the salivary gland appears to require much more free energy, 5 1 W/mg 
dry weight (Burgen, 1955). To maintain an energy expenditure of 0-3 14W/mg 
dry weight would require a Qo, of 0-05 ul./mg dry wt. hr, assuming glucose is 
metabolized and the energy can be transferred with 100% efficiency. This 
Qo, is 1-5 % of that found for isolated stripped rumen epithelium (Pennington, 
1954). Thus there is no lack of energy to drive the proposed sodium pump. 

The areas through which the sodium could be absorbed in the preparation 
made consisted mainly of rumen and reticulum, with relatively minute areas 
of oesophagus and oesophageal groove. In a preliminary histological study the 
reticulum epithelium has revealed no outstanding difference from the rumen 
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epithelium, the structure of which has recently been described (Dobson, 
Brown, Dobson & Phillipson, 1956). In the ramen no goblet or secretory cells 
are present and the diffusion barrier presented between the contents of the 
sac and the blood is very much simpler than with most biological membranes. 
It may be represented as consisting of parallel sheets of similar cells, each of 
which probably represents a different stage in the existence of one type of cell. 
A capillary network runs about 50 » from the contents, but the presence of the 
papillary bodies increases the mean thickness of the epithelium to about 70 x. 
This figure allows a calculation of the area to be made. The stripped reticulum 
and rumen epithelium from an adult sheep weighs about 600 g. Sections of 
stripped epithelium appear to contain about half their volume as connective 
tissue and half as epithelium. The volume of the epithelium proper will be about 
300 ml., and at a thickness of 70 » will give an area of 4m*. Thus a flux of 
1 m-equiv/min.kg wet wt. will be about 0-8 wequiv/hr. cm? or 80 mC/hr. cm’. 
These figures are of the order of the short-circuit current through isolated 
frog skin (Ussing & Zerahn, 1951) which equals the sodium active transport. 

In order to assess the importance to the sheep of the sodium absorption 
in the rumen it is necessary to compare the absorption of sodium it causes from 
the rumen to the absorption of sodium from other parts of the gut. To obtain 
a measure of the latter considerable speculations must be made. A sheep 
of medium size (40 kg) fed on a diet of hay and meals is assumed: Suppose it 
has a mean reticulo-rumen volume of 51., with sodium concentration of 
100 mM, surrounded by 600 g wet weight of epithelium. If the potential of the 
blood is 30mV above the rumen contents, the electrochemical potential 
difference of sodium across the epithelium is —40 mV. In the anaesthetized 
sheep this would allow a flux of 1 equiv/kg wet wt. day (Fig. 1), so that the 
sheep would take up about 600 m-equiv/day. If we assume a blood flow of 
100 ml./min through the rumen (A. Dobson & A. T. Phillipson, unpublished 
observations) this flux would give rise to an arteriovenous difference of 4 m- 
equiv/kg blood, which agrees with the findings in Table 5. 

This uptake in the unanaesthetized sheep is also credible. Average sodium 
balance figures (in m-equiv/day) are: intake 70, urine output 55, faeces output 
15 (J. V. Evans, personal communication). A median figure for total salivary 
sodium secretion is 1-2 equiv/day (R. N. B. Kay, personal communication) so 
that about 1-3 equiv/day is entering the rumen. The rate of leaving the rumen 
in the flow of digesta can be calculated as follows. The half life of a volume 
marker in the rumen contents is 15 hr (Bullen, Scarisbrick & Maddock, 1953). 
This implies that the daily volume outflow through the rumen is 1-1 x the 
rumen volume, assuming the rumen volume stays constant. This will give rise 
to a sodium outflow of 550 m-equiv/day. The difference between the flow into 
and from the rumen, 720 m-equiv/day, agrees well with the calculated uptake 
from this compartment. . 
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If we ignore the absorption from the omasum, the amount entering the 
abomasal contents would be 550 m-equiv plus 200 m-equiv from the secretions 
of the abomasum (R. W. Ash, personal communication). This gives a duodenal 
flow of 750 m-equiv/day. An independent figure for the duodenal flow of 
500 m-equiv/day is given by multiplying the abomasal sodium concentration 
(Parthasarathy, 19526) by the rate of flow of digesta into the duodenum 
(Phillipson, 1952). It seems likely that sodium is taken up from omasal 
contents (Oyaert, 1955). If 250 m-equiv/day were taken up in this organ, the 
two estimates of duodenal sodium flow would agree. The sustained acidity of the 
contents of the abomasum (Masson & Phillipson, 1952) makes it likely that 
little sodium is absorbed in this organ (Code, Higgins, Moll, Scholer & Orvis, 
1956). The flow of digesta just caudal to the ileocaecal junction is about half 
that of the duodenal flow (Bullen e¢ al. 1953), whereas the sodium concentra- 
tion is double (Parthasarathy, 1952), so that a flow of about 500 m-equiv/day 
is reasonable at this point. This means that the sodium added in the secretions 
of the small intestine is absorbed there. The mixed bile and pancreatic secre- 
tion will contribute about 200 m-equiv/day from the flow (Colin, 1871; 
Blaxter & Cowie, 1946) and sodium concentration (160 mm, J. V. Evans, 
personal communication). The contribution of the succus entericus cannot 
be assessed at present. Passing into the large bowel there will be the 500 m- 
equiv/day, together with a small amount secreted by mucous glands. This 
must be almost completely absorbed by the caecum and colon to reduce the 
faeces output to 15 m-equiv/day. 

The great variability between animals which exists in most data selected 
for this tentative synthesis must be emphasized. Nevertheless, the following 
conclusions seem reasonable. The fluxes taking place across the gut wall are 
~ Of-much larger. magnitude than the balance figures. A similar amount of 
sodium is absorbed from the reticulo-rumen sac as is absorbed from either the 
small or large intestine. About half the salivary sodium is absorbed in the 
reticulo-rumen sac. The absorption of sodium in the reticulo-rumen sac is thus 
of considerable importance in the sedium economy of the animal. 

It seems likely that water is normally absorbed from the rumen contents 
(Parthasarathy & Phillipson, 1953). It is possible that the sodium uptake 
from the rumen takes place without greatly affecting the concentration of 
sodium, as in the experiment of Sperber & Hydén (1952). The combined 
activity of the parotid gland and rumen sodium absorption results in a high 
concentration of sodium in the rumen contents. Furthermore, the sodium 
pump will tend to make the rumen contents electrically negative to the plasma 
—as is normally found. This will decrease the forces driving potassium into 
the plasma. This may be of importance to ruminants whose diet is rich in 
potassium and poor in sodium, whereas their plasma has high sodium and low 
potassium concentration. 


4 
? 
4 
t 
; 
| | 
a 


RUMEN ACTIVE TRANSPORT 249 


The movement of chloride against its electrochemical potential into the 
contents of the reticulo-rumen sac in the presence of high potassium concentra- 
tions and low sodium concentration was quite unexpected. The small amounts 
of chloride involved have come from the plasma, as is shown by the steady- 
state experiments. The coupling of this flux to water movements is not likely, 
for in Expt. 62 the movement is in the direction opposite to the anomalous 
chloride movement. It cannot be stated with certainty that the anomalous 
chloride movement is the result of the activity of a specific ion pump, because 
the chloride movement is sma!! compared with other anion movements, such 
as the acetate uptake. 

An analogous situation may exist in frog skin (Koefoed-Johnsen, Ussing 
& Zerahn, 1952). In this tissue, through which chloride normally diffuses 
freely, a chloride pump can be evoked by adrenaline. It transports chloride 
in the direction opposite to sodium, with a driving force equivalent to an 
electrochemical potential of 25 mV. In the rumen this is about 13 mV (Fig. 1). 
The frog-skin chloride pump is attributed to the activity of the mucous glands 
of the skin, because chloride active transport and mucus secretion occur 
together. In the reticulo-rumen preparation these cells will be rare or absent. 
A few may be present in the oesophageal groove (Ellenberger, 1911) but they 
are not present in the reticulum, rumen or caudal oesophagus. No mucus 
was noted when the anomalous chloride movements took place. 

The purpose of this mechanism in the rumen is not obvious. However, 
when the anomalous chloride movement was taking place, the potential 
between the plasma and the rumen contents increased. This would help to 
reduce potassium absorption. It seems likely that the potassium levels em- 
ployed are much higher than those normally found in the rumen. They are 
most likely to be encountered in ruminants fed on herbage grown in the 
presence of potassium fertilizers (Phillipson, 1955). Such pastures with a high 
potassium:sodium ratio are known to be conducive to hypomagnesaemia 
(Brouwer, 1956). The increase of potential under these conditions may provide 
a mechanism linking the absorption of divalent cations to the potassium 
composition of the diet. 

The experiment in which 0-1m sucrose was used in the rumen led to an 
uptake of chloride against an electrochemical p.d. of —9-5 mV. The lowering of 
the ionic strength in the rumen and the primary medium effect caused by the 
decrease in dielectric constant in the presence of sucrose will both give rise 
to a small positive activity coefficient ratio term to be added to this potential. 
The total medium effect cannot be calculated and it was decided in view of this 
uncertainty to discontinue the use of sucrose in the rumen. 

The analyses of the samples of epithelium have a large s.p. This is probably 
because the samples consist of both epithelium and connective tissue in varying 
proportions. It seems likely that most of the chloride and sodium lies in the 
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connective tissue behind the capillary network whereas the potassium is 
mainly in the epithelium. This means that changes in chloride and sodium 
within: the tissue are of little importance in studying their absorption. In 
contrast, the alteration in potassium level may be important, especially as the 
plasma concentration in sheep under pentobarbital anaesthesia can drop 
suddenly about 30% (J. V. Evans, personal communication). In view of the 
uncertainties in the steady state of this ion its absorption could best be studied 
in conscious animals with a rumen pouch, rather than with the acute prepara- 
tion used here. | 
SUMMARY 

1. A mechanism inducing ‘active’ absorption of sodium is present in the 
epithelium of the reticulo-rumen sac. It can drive sodium from the sac contents 
into the plasma against the concentration and electrical gradients of this ion. 

2. The activity of this pump appears to be similar to that in frog skin. 

3. The importance of the pump in the sodium economy of the sheep is 
discussed. 

4. Movements of chloride from plasma to contents of the reticulo-rumen sac 
can take place against electrochemical potential difference in the presence of 
high potassium and low sodium concentrations. 

5. Changes in the steady state of chloride and sodium in the rumen epi- 
thelium do not contribute significantly to changes in the rumen. 
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FURTHER CONTRIBUTIONS TO THE STUDY OF THE 
FORMATION OF THE AQUEOUS HUMOUR 
AFTER PARACENTESIS 


By M. pz VINCENTIIS 
From the Department of Ophthalmology, University of Naples, Italy 


(Recewed 18 November 1958) 


Study of the composition of the aqueous humour, re-formed after paracentesis 
of the anterior chamber, is of value as an approach to the problem of the 
genesis of the fiuid undér various conditions. It is generally agreed that the 
new aqueous, formed after paracentesis, is more plasma-like in character than 
the normal fluid, in particular with regard to its protein content. It is not clear, 
however, to what degree the vitreous body may contribute to re-formation of 
the aqueous humour under these conditions. Abelsdorff & Wessely (1909) 
suggested that the vitreous of birds participated in the reconstitution of the 
aqueous humour. Paracentesis of the anterior chamber in the rabbit resulted 
in the formation of an aqueous richer than the normal in pyruvic and lactic 
acids (De Vincentiis, 1953). Since the concentrations of pyruvic and lactic 
acids in plasma and endocular fluids are normally in the order: vitreous > 
aqueous > plasma, it would be expected that these metabolites would be 
diminished in concentration in the newly formed fluid if the fluid originated 
largely from the plasma. A decided increase, however, was observed, leading 
to the conclusion that the vitreous body is an important source of the re- 
formed aqueous. An extension of these studies is reported in the present 
communication; it was of interest to determine the effect of paracentesis on 


the penetration into the anterior chamber of radioactive phosphorus intro- 
duced into the vitreous body. 


METHODS 


Rabbits weighing not less than 3kg were used. Radioactive phosphorus 
(1-5 wc *P in 0-1 ml.) was injected into the posterior portions of both vitreous 
bodies simultaneously. Approximately 10 min after injection of the iso- 
tope, the cornea of the right eye was penetrated and the aqueous humour 
allowed to flow out. After an additional 10 min period, the aqueous humours 
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were removed with syringes and 0-1 ml. quantities dried by placing in a 
dessicator for 24 hr. The radioactivity of each sample was determined with a 
Geiger-Miiller tube. 
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Fig. 1. Radioactivity of samples (0-1 ml.) of aqueous humour taken from the control eye (A) 
and eye subjected to paracentesis (B) 20 min after injection of 1-5 uc *P into the posterior 
portions of both vitreous bodies simultaneously. Each pair of symbols represents one 
experiment. 

RESULTS 


In preliminary experiments, amounts of **P introduced as described into the 
vitreous bodies were found to penetrate the anterior chambers at equal rates 
over a 20 min period. 

It is clear from Fig. 1 that, after the injection of **P into the vitreous 
bodies of both eyes, paracentesis in one of them resulted in the formation of 
a new aqueous humour richer in isotope content than its counterpart. 


DISCUSSION 
The demonstration that radioactive phosphorus, introduced into the vitreous 
body, appears in higher concentration in aqueous humour newly formed after 
paracentesis than in control aqueous, is considered to support the hypothesis 
that a contribution from the vitreous makes up a significant portion of the 
re-formed aqueous. This observation is of particular interest in that it applies 
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to the rabbit, an animal which produces a re-formed aqueous very like plasma 
in protein concentration. The present results are consistent with findings 
reported earlier (de Vincentiis, 1953), in which fluorescein, injected into the 
vitreous, was seen to diffuse rapidly through the pupil as aqueous humour 
was re-formed following paracentesis. 

Whereas these results are of value in attempting to understand the genesis 
of the aqueous humour after paracentesis, the rapid loss of fluid and the 
accompanying drop in pressure may introduce pathways for fluid entry not 
normally functional in aqueous humour formation. This possibility forms the 
subject of experiments in progress. 


SUMMARY 

Radioactive phosphorus was injected into the vitreous body of each eye in 
rabbits. Paracentesis of the anterior chamber of one eye resulted in the forma- 
tion of a new aqueous humour which had a higher concentration of the isotope 
than its counterpart. The results are discussed in terms of the hypothesis that 
the fluid portion of the vitreous body plays a role in the genesis of the 
re-formed aqueous humour. 

These studies were supported by a grant from the Ministry of Public Instruction. The author 
wishes to express his appreciation for the equipment made available to him at the Nuclear Centre 
for Biology, the Zoological Station of Naples, and to Professor R. and Dr P. Dohrn, directors of 


the Zoological Station, for the hospitality offered to him in their Institute. The **P was obtained 
from the Radiochemical Centre, Amersham, Bucks. 
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FURTHER STUDIES ON THE PREPARATION, PURIFICATION 
AND NATURE OF IRIN 


By N. AMBACHE 


From the Medical Research Council Ophthalmological Research Unit, 
Institute of Ophthalmology, Judd Street, London, W.C.1 


(Received 12 August 1958) 


Distilled water extracts of rabbit iris contain an acid which is physiologically 
active on certain smooth muscles (Ambache, 1957). Improvements in the 
purification and assay of this substance are now described and also an investiga- 
tion of its chemical nature. First, a number of acids of biological origin have 
been screened for activity. Although representative of a variety of structure- 
types, the acids examined are nearly all inactive or can be otherwise dis- 
tinguished from irin. Direct evidence is then produced that irin is a long-chain 
unsaturated hydroxy-fatty acid. Further structure—action studies on available 
hydroxy-acids and lactones have shown that (+ )-ricinoleic acid is a powerful 
stimulant of the smooth muscle in the hamster colon, whereas oleic acid, 
which lacks the hydroxy] group of ricinoleic but is otherwise identical with it, 
is relatively inert. These and other findings suggest that an OH group, a double 
bond, and the spatial relation between them, determine the irin-like activity 
of fatty acids. 
METHODS 

Irin. The source of active material has been the rabbit's iris throughout; although ox irides are 
larger and would have been more plentiful they contain less than yy~q5 the activity found in 
rabbits’ irides. The procedure for making iris extracts described in the previous paper was modified 
slightly as follows: (i) unless otherwise stated all extracts were made in distilled water (1 m./ 
100 mg tissue) neutralized when necessary with 0-02% NaHC0,; (ii) as the pharmacological 
activity of extracts is reduced by boiling, the heating was omitted—instead, the centrifuged 
extracts were left for some days at — 15° C, which precipitates out further impurities removable 
by a second or third centrifugation; (iii) the irides were excised more rapidly, by direct removal 
through a slit in the cornea without prior enucleation of the eyes. I am indebted to Dr B. C. 
Whaler for four extracts of several hundred irides prepared in this way at Porton. For these, the 
dried irides were ground, unweighed, in 0-4 ml. of distilled water per iris, i.e. assuming Eri 
weight of 40 mg per iris; the dosage of these extracts is expressed in arbitrary units of ‘= mg’; 
(iv) some extracts were prepared from irides excised a few hours after death. Through the courtesy 
of Dr M. Sterne the severed heads from rabbits killed at the Wellcome Research Laboratories in 
the morning were sent here, where the eyes were excised and the irides were extracted in the early 
afternoon. Such extracts were rather less active than those made from fresh irides. 
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Extracted iris tissue has yielded a further supply of irin when homogenized in 1 ml. of fluid 
per 10 irides (“= 400 mg/ml.’). 

Further purification of crude extracts was achieved in one of two ways. In the older acetone 
process (Ambache, 1957a) the irin-containing acetone supernatant was evaporated to a small 
volume in a current of cold air, dispensed into ampoules, and vacuum-dried in a CaCl, desiccator. 
Large volumes of extracts have been more conveniently processed to residue in a rotary film 
evaporator (Quickfit and Quartz model 1 LVE) evacuated by a ballast pump. This first (“Type 1’) 
residue was re-extracted with absolute acetone (1 ml./= 100 mg) leaving behind much visible 
impurity and, in particular, a material which had stained violet with fuchsin-sulphurous 
acid + HgCl,. This impurity appears to be insoluble in absolute acetone, but is soluble in CCl,, an 
alternative solvent which was therefore abandoned. The acetone solution was evaporated to give 
‘Type 2” residue. 

Purification by partition with ether. The above procedure may take 1-2 days. It has now been 
superseded by the quicker method of extracting the irin from crude extracts into ether, by 
partition at acid pH (Ambache, 19575). In this procedure equal volumes (usually 0-5 or 1 ml.) of 
iris extract and of ether are dispensed into a stoppered tube. A measured amount of n-HCl, 
between 0-002 and a maximum of 0-012 ml. varying with the extract and according to the pH 
desired, is then added with a Warburg pipette graduated to 0-001 ml., and the tube is shaken 
(after filling with nitrogen in a few experiments). After allowing usually a standard time of 5 min 
for the layers to separate (Fig. 1, A) the clear part of the ethereal layer is drawn off into an all- 
glass syringe, leaving a greyish sludgy material at the interface. When separation has to be 
assisted by centrifugation, the time is necessarily longer (Fig. 1, ©). After measuring the volume 
collected thus this ethereal phase, which has a faint brownish tinge (due probably to acid haematin), 
is evaporated at once in a stream of air (or in nitrogen) to a solid (‘Type 3’) residue and re-con- 
stituted by dissolving in de Jalon’s rat colon solution (Gaddum, Peart & Vogt, 1949), 1 or 2 ml./ 
= 100 mg. A small sample of the aqueous phase is then taken from below the interface at once, 
or later, for pH measurements made at room temperature in a glass capillary electrode system of 
the type described by Joels & MacNaughton (1957). The reconstituted ether phase is assayed on 
the hamster colon against an unpartitioned sample of the original extract. Percentage recovery 
of the activity is best expressed per millilitre of the ether phase, because water is much less soluble 
in ether then vice versa and HCl increases the solubility of ether in the water phase enough to 
affect the amount of irin in that phase. Satisfactory recoveries have been obtained at pH’s 
2-8-4, as is shown in Fig. 1 from a series of nineteen consecutive experiments. When HCl was not 
added recovery was almost nil (3% at pH 7-45). Using the maximum amount of 0-012 ml. 
n-HCl/ml. extract, recoveries were 90% or more in several further experiments (without pH 
measurement), not included in Fig. 1, but in a later series recoveries became unexpectedly low 
(50% or less). At the time of these later experiments the glassware had been washed in a chromic 
acid cleaning mixture. On reverting to glassware cleaned by boiling in nitric acid yields of 
55-95% were obtained in nine experiments. It is well known that glassware cleaned in chromic 
acid requires further treatment with alkali to remove traces of chromates before it can be used 
for oxidizable substances, for instance in lactic acid determinations (Colowick & Kaplan, 1957) ; 
the losses in the above experiments with irin were thus attributable to oxidation. Since irin is 
inactivated by oxidation (see p. 274), it is desirable to use ether as free as possible from peroxides 
and other by-products; the ether used throughout these experiments has been of anaesthetic 
grade. Through the courtesy of May and Baker Ltd., some of the batches of ether were re-tested 
for peroxides a day or two before delivery and to one batch Na wire was added. The ether was 
stored at room temperature (when over Na) or at —15° C in its amber-coloured bottle with the 
black paper wrapping intact; protection from light alone should reduce peroxide formation to 
mere traces even after many weeks (Bailey & Roy, 1946). The high recoveries in Fig. 1 showed 
that the batches of anaesthetic ether then in use were quite adequate for these experiments. In 
a few experiments the ether was passed before use through a column of activated alumina, which 
is said to remove peroxides (Dasler & Bauer, 1946). 
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Most residues obtained by other methods have contained a white opalescent material which has 
been absent from these Type 3 residues. Ether-purified irin can be considered reasonably free 
PH, should be retained in the aqueous phase. Table gives 
the yields of some Type 3 residues, all active in doses of 1-1-5 and weighed balance 
graduated to 0-01 mg. i sr 
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Fig. 1. Recovery of irin after partitioning extracts with equal volumes of ether at various pH’s, 
expressed as percentages of the original activity found per millilitre of ether phase. In 
experiments A a standard time of 5 min was allowed for the separation of the phases; in 
A this time exceeded 30 min and in © the time was not noted but probably did not exceed 
15 min, @, see Appendix, p. 289. 

TasiE 1. Yields of irin purified by partition 


Initial quantity _ Purification (from the 
of extract pH of the Weight of active original weight of 
(= mg of tissue) partition residue (ug) tissue) 
233 2-8 70 3328 x 
839 3-19 417-420 2000 x 
336 2-98 330 1018 x 
136 2-98 50* 2720 x 


* After one re-extraction with acetone and two with ether. 
Fig. 1 resembles the dissociation curve of a weak acid. Attempts to derive the pK; of irin from 


it have been unsuccessful. To do this it would be necessary to know the partition coefficient 
(X;) of undissociated irin between ether and water, when it can be shown mathematically that 


pK; = pH -log| 
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By taking pairs of points from the graph in Fig. 1, values of K, could be deduced, but these 
increased with pH and varied between 1 and 9; pK; thus varied between 4-3 and 5-9. A factor 
which. may have to be taken into consideration is the possibility of lactone formation in the 
presence of HCl, since evidence will be given below that irin is a hydroxy-acid. A secondary 
reaction of this kind would naturally affect the equilibrium and raise the ‘pK’ unduly. The 
separation time may therefore be important. In the partitions marked A a standard time of 
5 min was allowed, to make the experiments more comparable with one another. 

‘When n-pentane (A.R.) was substituted for ether in the above type of partitions <5% of the 
irin activity was recovered from the pentane, even with 0-012 ml. of N-HCl/ml. extract. Recovery 
was also low with benzene, cyclohexane, and methylene dichloride, but was 75 % in one experiment 
with 2 vol. of ethyl methyl ketone. 

Assays and activity tests. In the initial experiments of this paper (pp. 261-267), irin assays were 
carried out on the rat colon in 10-7 g/ml. atropine and 10~’ g/ml. lysergic acid diethylamide (LSD), 
and a number of acidic substances were screened for activity on this muscle. This test object was 
later superseded by the hamster colon (+ atropine 10-’ or 10~* g/ml.), the advantages of which 
have already been enumerated (Ambache, 1957)). For this preparation, the first 4m of the 
ascending colon was suspended at 30° C in a 5 ml, bath of atropinized de Jalon’s fluid as used for 
the rat colon. LSD 10-7 g/ml. was added in a few experiments only. In its absence some prepara- 
tions were insensitive to 20-100 ug of 5-hydroxytryptamine (5-HT), as illustrated previously 
(Ambache, 19575), but other preparations have given small contractions to 1-2 ug of 5-HT. In 
some of the later experiments of this series the hamster colon preparations showed a decrease in 
sensitivity to irin occurring soon after assays were begun. This has now been overcome by making 
the de Jalon’s solution, as a routine, with glass-distilled water purified further by passing through 
a small, well washed, de-ionizer (Elgastat Minor, portable type C 403). 

The #<'d4s tested were mostly of commercial origin. I am indebted to Dr R. E. Bowman, Parke 
Davis Laboratories, Hounslow, for keto acids; to Dr F. D. Gunstone, St Andrew’s University, 
for 9-hydroxy-octadec-12-enoic and 12:13-dihydroxy-oleic acids; to Dr H. Laser, Cambridge, for 
cis-11:12-octadecenoic acid; to Dr J. W. Cornforth, Mill Hill, Dr J. Elvidge, Imperial College, 
London, Dr P. N. Williams, Unilever Research Laboratories, Port Sunlight, and Dr Frank G. 
Young, Union Carbide Chemical Cy., South Charleston, Virginia, for various lactones; to Dr W. 
Vogt, Gottingen, for Darmstoff; to Dr V. R. Wheatley, St Bartholomew’s Hospital, for a specimen 
of rabbit sebum, prepared as described by James & Wheatley (1956, 1957). Aaf- and Ays-3- 
hexeno-lactones were synthesized in Mainz through the courtesy of Professor D. Jerchel. 

Oleic acid (at least 99%; density 0-89-0-895) was supplied by May and Baker Ltd., and ‘pure’ 
but orange-coloured ricinoleic acid (density 0-94) by Messrs Hopkin and Williams; 10~ solutions 
(v/v) of these were prepared either in de Jalon’s fluid without further addition of alkali, or in 
0-9% NaCl with an amount of NaOH approximately equal to the calculated equivalent of the 
acids. Such solutions had pH’s of 6-55-7-13. It was not possible to dissolve ricinoleic acid in more 
concentrated solutions without the addition of almost its full equivalent amount of NaOH. Such 
solutions were then alkaline, as is well known, and for some experiments had to be adjusted with 
HCl to pH 7-8. With concentrations exceeding 1-2 x 10-* this process of back-neutralization 
tended to throw the fatty acid out of solution in microscopic droplets. 

For the intraocular injections of Na ricinoleate, albino rabbits of unknown atropinesterase 
serum-titre were used. They were injected intravenously immediately before the experiments, 
with at least 10 mg/kg atropine sulphate, 1000-2500 iu. heparin, and with ca. 24-80 mg/kg 
pentobarbitone Na. Anaesthetic ether was then administered for 10-15 min before injecting the 
eyes. Injections into the anterior chamber were made through 4-6 mm self-sealing corneal tracks, 
one eye receiving 2 x 10-* Na ricinoleate dissolved in 0-9% NaCl solution, the other an equal 
volume of 0-9% NaCl solution alone. Because of the limited solubility of Na ricinoleate, and the 
need for 100-200 ug doses (see Results, p. 284), injection volumes of 0-05-0-1 ml. were necessary. 
Such volumes are bound to cause a considerable rise in intraocular pressure (1.0.P.). However, this 
temporary rise in 1.0.P. helps to seal the valvular tracks in the cornea after the injections, and 
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does not by itself induce pupillary constriction, as is shown by the control eyes injected with the 
0-9% NaCl. Horizontal pupillary diameters were measured with calipers. 

Incubation with enzymes. The irin for these experiments was a Type 1 residue dissolved in 
de Jalon’s fluid (pH 6-8~7-9). Samples of this solution were incubated at 37° C for 70-90 min with 


Clostridium welchii a-toxin was kindly supplied by Dr M. Sterne. 

Paper chromatography. Ascending chromatograms of irin and of ricinoleic acid were run in the 
organic, upper, phase of the following mixture: ethyl methyl ketone—water-diethylamine in the 
ratios 60: 20:3 (Vogt, 1955, 1957c), The Whatman no. 1 papers were suspended over this solvent 
in a small sealed tank and left to equilibrate in air }~4 hr before being lowered into contact with it. 
Solvent ascent was allowed for §-17 hr, and was quite rapid at first (12 cm in 40 min). Recovery 
of irin was <10% in a run lasting throughout the night, presumably because of inactivation at the 
alkaline pH of this solvent or by oxidation. Shorter runs are therefore advisable in this medium, — 
and better yields might be obtained by running the chromatograms in N,. In later experiments, 
when it was realized that irin was an unsaturated acid, its application to chromatogram origins 
was carried out in a stream of N,. As with ricinoleic acid, the irin ‘spots’ exhibited a peripheral 
ring of fatty appearance. 

As the Rp of irin in this solvent is 0-9 and therefore very close to the solvent front, various 
attempts were made to lower the Rr, but unsatisfactory results were given by other solvent - 
mixtures. For instance, the substitution of propyl methyl, for ethyl methyl, ketone in the above 
solvent lowered the Rp exceasively to 0-0-2. When isobutyl methyl ketone was used and the 
diethylamine was omitted, the irin was diffusely located on the chromatogram at Rp 0-05-0-4. 
Lastly, the Ry was 0-0-15 in a solvent consisting of the organic phase of the following mixture: 
ethyl methyl ketone 30, isobutyl methyl ketone 60, distilled water 30, and diethylamine 0-45. _ 
Irin and ricinoleic acid were also chromatographed in 50, 60 and 70% methanol. 

Paper electrophoresis was conducted as described previously, for at least 4 hr at 250-270 V in 
buffered 0-1 % NaCl. Irin was applied to the origins in acetone or ether solution. The buffer was 
usually 0-01 m phosphate, as for instance in the experiments of Fig. 3, but for some experiments it 
was 0-05-0-005M tris(hydroxymethyl)amino methane. The pH’s were kept between 8-2 and 8-7. 
In one experiment the electrophoresis tank was filled with N,; otherwise, with air. Irin could not 
be eluted with ether from electrophoresis papers unless the ether was previously acidified by 
shaking over an equal volume of approx. 0-01 n-HCl. 


Chemical tests 
Chemical tests on irin were carried out in solutions or on chromatograms or electrophoresis 


papers. 

Amino acid test. Papers were sprayed with 0-1% ninhydrin in water-saturated butanol and 
left in an oven at 100° C for 5-10 min. 

Test for —NH groups. The method of Rydon & Smith (1952) proved less satisfactory than the 
procedure of Reindel & Hoppe (1953) modified slightly as follows. ClO, was generated in a lidded 
1 |. cylinder by adding a few millilitres of 10N-HCl to KC1O, crystals. Before exposure to this gas, 
the dry electrophoresis papers were sprayed very lightly with a mixture consisting of equal volumes 
of acetone and of 95% ethanol +5 drops glacial acetic acid; Reindel & Hoppe recommend that 
the papers should be dipped into this mixture, but this would have eluted the soluble irin. The 
moistened papers were then left hanging in the ClO, cylinder for 2 min. and were immediately 
sprayed with 1 % (saturated) benzidine solution in 10% acetic acid. The extent of the blue staining 
zone on the papers was noted at once and before washing off the excess of reagent by dipping 
into 95% ethanol, as this led to some loss of colour. 


1/21-4/10 vol. of @ concentrated solution of intestinal alkaline phosphatase (2226 u./ml.), kindly : 
supplied by Dr A. L, Greenbaum, University College London; controls consisted of parallel | 
samples kept at 37° C for the same times but without enzyme. After incubation the pharmaco- : 

. logical activities of the two samples were compared on the rat colon and the phosphatase activity : 
of the enzyme-treated sample was determined by the 15 min procedure described by King (1946, . 
p. 56) using disodium phenyl phosphate as substrate and de Jalon’s fluid instead of the buffer. 
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Fuchsin-sulphurous acid was made up according to the British Pharmacopoeia (1948, p. 659). 
For tests on solutions, 0-1-0-2 ml. of the reagent and 1-2 drops of 0-27% HgCl, were added to 
0-025-0-2 ml. of iris extracts or of purified irin redissolved in de Jalon’s fluid. Chromatograms 
sprayed with the reagent (+ a little 0-27% HgCl,) have at first a white background which turns 
pink when the SO, is lost. They are therefore best placed for viewing between two narrow sheets of 
Perspex held apart by a 3mm air-tight surround of Plasticine, and can be kept thus during the 
night. Aldehydes stain a deep violet at once, even in the absence of HgCl,; acetals, only in the 
presence of Hg(l,. 

Test for glycosides. Aniline hydrogen phthalate was made up according to the procéfure 
deacribed by Partridge (1949); 3%, anisidine HCl in butanol, as described by Hofman (1953) and 
by Hough, Jones & Wadman (1950). The sprayed papers were left in an oven at 100°C for 
10-15 min. 

Colour test for higher fatty acids. Feigl’s (1956, p. 461) procedure was modified as follows. To 
0-1 ml. of a saturated, centrifuged, solution of Rhodamine B in benzene were added 0-05-0-1 ml. 
of a 1% aqueous solution of uranyl acetate, and 0-2 ml. of a benzene solution of Type 3 irin 
(‘= 400-500 mg’/ml.). A control tube containing the reagents and 0-2 ml. benzene without irin 
was prepared simultaneously, and both tubes were shaken. 

Colour teat for hydroxy-fatty acid. The red colour reaction of hydroxy-acids with sym diphenyl- 
carbazide used by Korpaczy (1934) and quoted by Feigl (1956, p. 483) was modified as follows. 
A 0-5% solution of sym diphenylcarbazide A.R. in tetrachloro-ethane was freshly prepared as in 
Feigl (1956); 0-1-0-2 ml. of this reagent, which should be colourless or pale yellow when fresh, 
was dispensed into a small Wassermann tube, usually with 1-4 vol. of irin dissolved in de Jalon’s 
solution; a control tube with the same volumes of reagent and of de Jalon’s solution without irin 
was prepared simultaneously. The tubes were shaken intermittently, and the colour in the lower, 
tetrachloro-ethane, layer was noted. A distinct colour difference between the two tubes could be 
detected within 7-35 min, usually preceded by a slight milkiness of the watery layer. The test 
was carried out (a) on a ‘Type 2’ acetone residue purified by a further re-extraction with acetone 
sequent paper electrophoresis at pH 8-2 in 0-0lm phosphate buffer. After 
fluid and the test was performed on these eluates. It was convenient in these experiments to 
dissolve the irin, for its initial application to the paper, in ether previously saturated with the 
electrophoresis buffer. This permitted a rapid application of relatively large amounts of irin 
(= 120 mg/cm) to the paper without a fan; recovery of activity from the paper was about 50%. 

I am indebted to Dr C. N. Graymore for a lactic acid estimation by the method of Barker & 
Summerson. 

Chemical inactivati 

Phenyl isocyanate. 0-01-0-03 ml. of phenyl isocyanate was added to 1 ml. of iris extract in a 
weighing bottle which was shaken by hand at intervals or mechanically. After 1 hr at room 
temperature the characteristic pungent smell of phenyl isocyanate had almost disappeared and 
the solution contained needles of diphenyl urea, its hydrolysis product, which is almost insoluble 
in water (0-15 mg/ml.). Centrifugation removed the precipitate of diphenyl urea, and probably 
with it some phenyl isocyanate (density 1-095). The supernatant was decanted and recentrifuged 
once or twice until free from the smell of phenyl isocyanate; it was then diluted before assay with 
an equal volume of glucose-containing de Jalon’s fluid, the pentahydroxylic glucose probably 
removing the last traces of the OH-binding reagent. 

N,N’-carbo-di-p-tolyl-imide is virtually insoluble in water and the experiments were conducted 
in an organic solvent, mostly in acetone but some in ether. Acetone-purified Type 2 iris residues 
were dissolved in acetone (= 100 mg/ml.), and divided into two 1 ml. samples. One of these 
received 1 mg of the reagent, either as a crystal or as 0-1 ml. of a 1% solution in acetone. The 
other sample served as an untreated control solution or irin. A second ‘reagent control’ sample 
was also prepared consisting of 1 ml. of acetone (without irin) plus 1 mg of reagent. All three 
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samples stood at room temperature for 15-30 min and were then evaporated to dryness under a 
fan, and taken up each in | ml. of de Jalon’s fluid. In the two samples containing the reagent a 
lining of insoluble crystals was seen on the sides of the vessels ; this was scraped off the sides with 
a needle and stirred into the fluid. After sedimentation or centrifugation, these solutions were 
assayed on the hamster colon. Although there was no evidence of any interference with irin 
contractions by the traces of this insoluble reagent, treated irin was assayed against doses of 
untreated control irin administered into the organ bath together with appropriate volumes of 
the ‘reagent control’. 
KMn0,. Aqueous extracts stood for 5 min at room temperature with 1/40th vol. of 2% 
KMn0O, A.R., the pH not exceeding 7-6. Two vol. of ether and 0-0125 ml. x-HCi per millilitre 
of extract were then added for partition (pH 3-8) as already described, allowing 5 min for the 
separation of the phases. 
Catalytic hydrogenation. Aqueous extracts were dispensed into glass-stoppered tubes with gum 
acacia and PdCl,, which were added either separately or as a colloidal mixture, to a final concentra- 
tion of 0-02-0-05%; a brown precipitate appeared, and the pH was about 6-4. Hydrogen was 
then bubbled through samples of these extracts for 1-2 hr either continuously or, in order to 
reduce evaporation losses, intermittently with shaking of the gas-filled tubes. The precipitate 
blackened on hydrogenation. Controls consisted of unhydrogenated samples of the same extracts 
with added catalyst. 
I Br. Crystalline [Br failed to dissolve completely when shaken in distilled water 1 ml./4-15 mg 
(‘0-02’). The dark brown solution was centrifuged and 0-2 ml. (or less) of it was added to 1 ml. 
of iris extract. After standing at room temperature for 10-30 min, the reaction was stopped by 
adding an excess of Na,S,0, (0-22 ml., or-less, of scintion per millilitre of extract).The 
extract was then partitioned with 1, or more usually, 2 vol. of ether and 0-012 ml. of x-HCl per 
millilitre, as described above. The control consisted of a parallel tube with the same amounts of 
} Br inactivated with the Na,S,0, before the addition of extract and its subsequent partition under 
Chemical nomenclature. Two systems exist for the numbering of carbon atoms in fatty acids. 
Both systems have been used interchangeably in the text and are therefore shown here: 

6643 2 1 

C—C—C—C—_C—_COOH 
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RESULTS 
As reported previously (Ambache, 1957<), irin is an acid, since it migrates 
towards the anode on electrophoresis and its distribution on partition between 
water and chloroform is influenced by pH. Considering the nature of the 
acidic group in irin which would account for these properties, the following 
possibilities have been examined. 


Sulphonates and organic phosphates 

In a recent investigation of the acid-base balance in squid axoplasm 
Koechlin (1955) found that, of the 345 pequiv/g of organic acids present, 
220 wequiv/g consisted of isethionic (2-hydroxy-ethane sulphonic) acid. This 
sulphonate would therefore appear to be a major anionic constituent of some 
excitable tissues. It is, however, a strong acid with a pK near 2, whereas irin 
behaves as a weak acid. It can be omitted from further consideration since 
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it was inactive on the rat colon in doses of 100-200 ug of the Na salt. De Jalén 
& de Jalén (1945) have already reported on the low activity of the detergent 
Na oleyl isethionate on other intestinal preparations. 

It is also unlikely that irin is a non-lipid phosphate. Thus, irin was 
not inactivated by intestinal alkaline phosphatase. Solutions of irin 
(= 10-20 mg/ml.) in de Jalon’s fluid (pH 6-8-7-9) were incubated for 1-5 hr at 
37° C with 111 units/ml. of phosphatase. This treatment did not reduce the 
pharmacological activity of the irin, nor did incubation for 1-1 hr at 41° C 
with 8 times the above concentration of enzyme. A confirmatory test at the 
end of each experiment showed that the phosphatase was still highly active. 
For instance, at the end of the first experiment, when the incubated mixture 
of irin and phosphatase was itself tested for phosphatase activity, using 
disodium phenyl phosphate as a substrate and without altering the pH, it 
liberated in 15 min 111-3 mg/ml. of phenol by hydrolysis. This corresponds to 
an ability to split off 36-3 mg P/ml., and shows that alkaline phosphatase was 
used in gross excess in these experiments. 

Irin was also treated with phospholipase C in the form of a preparation of 
Cl. welchii «-toxin which had a toxicity of 0-78 « units/mg. Incubation of irin 
for 2 hr with 16-6 mg/ml. of this toxin did not result in any loss of pharmaco- 
logical activity. 

Most phosphates are precipitated by lead acetate. After treating iris 
extracts or solutions of purified irin with Pb acetate to a final concentration 
of 0-16-1% and centrifuging, irin could still be extracted from the super- 
natant with ether (50-60°% at pH 4); the precipitate was virtually inactive 
even after it had been treated with H,S. Likewise, the application of Pb 
acetate to chromatogram origins did not prevent irin ascent to its usual R, 
(see p. 263) and the irin on the developed chromatograms was active even 


without exposure of the papers to H,S, showing that irin had not formed an 
insoluble Pb salt. | 


The fact that irin behaves as a weak acid also excludes certain types of phosphate ester. Thus 
there was virtually no migration in an electrophoresis experiment at pH 5-2 (Ambache, 19572). 
The ‘apparent’ pK’ of the three dissociations of phosphoric acid are: pK}, 2; pK, 6-8; pK,, 11-7. 
In mono-esters of phosphoric acid two dissociations remain, with pK} and pK, and in di-esters 
only one, with pK}; substitution lowers both pKj and pK; (Kumler & Eiler, 1943). For instance, 
in nucleotides and in sugar phosphates pK} varies between 0-7 and 1-5, whereas pK; lies usually 
between 5-9 and 6-6 (Chargaff & Davidson, 1955, pp. 227, 269-270 and 458-461) except for the 
pK, of 4-5 in arginine and creatine phosphates (Lipmann, 1941, p. 112-113). Now, when irin was 
partitioned between equal volumes of de Jalon’s fiuid and of chloroform, at pH 8-2 more than 
80% of it, presumably in its dissociated form, was found in the water phase, whereas at pH 3-5 
more than 80% of the irin, presumably now in the undissociated form, moved into the chloroform 
(Ambache, 1957, fig. 7). Similar results have been obtained in water-ether partitions (see Fig. 1). 
Clearly the pK’ of irin, which is the pH at which 50% of the dissociation occurs, must lie between 
these two extremes, from which it can be deduced that irin is not a di-ester of phosphoric acid, 
as it would then be strongly acidic and have the pK; of 0-7-1-5, which is well below the limits just 
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given. It is also unlikely that irin is  mono-ester of phosphoric acid, since it is not inactivated by 
alkaline phosphatase; most phosphoric mono-esters have their pK; in the region of 6, whereas 


the results which are summarized in Fig. 1 suggest that the apparent pK of irin is probably lower 
than that. 


In the infra-red alkyl phosphates have extremely strong and broad absorption bands at 
1000-1080 om=*, whereas with irin residues absorption in this region has been weak or absent 
(see p. 290). 

The following individual, pharmacologically active, phosphate esters have 
been distinguished from irin, as follows: 

Adenosine triphosphate (ATP). Unlike ATP, irin is soluble in acetone, chloroform and ether. 
It contracts the rabbit ileum, which is relaxed by ATP, and the guinea-pig ileum, which is con- 
tracted only by large doses of ATP. The rat colon is also far less sensitive to ATP-Na (0-6-1 mg) 
than to irin (= 0-5 mg tissue, which, from Table 1, corresponds to <0-5yug of active substance). 


Darmstoff. The lipid-soluble Darmstoff (Vogt, 19574, c) consists mostly of 
acetal or semi-acetal phosphatidic acid, that is, of a mono-ester of phosphoric 
acid. Unlike irin, it is stable in alkali and stains with fuchsin-sulphurous acid. 
Parallel assays on the rabbit ileum and rat colon preparations show that their 
index of discrimination between Darmstoff and irin is low. Irin can, however, 
be further distinguished from Darmstoff by paper chromatography in ethyl] 
methyl ketone—diethylamine—water (60:3: 20 by vol.). In thissolvent Darmstoff 
has an Ry, of 0-4-0-45 on Whatman No. | paper (Vogt, 1957c), whereas in a 
dozen chromatograms on this paper irin was found just behind the solvent 
front (visible as a faint, pharmacologically inactive, pink band) at Ry values 
of 0-8-0-97. This is illustrated in Fig. 2, taken from two experiments. The 
first panel shows the location of irin in one of these chromatograms by assay 
of successive transverse slices of the paper on a rat colon in atropine and LSD. 
In this experiment = 20 mg of irin purified by acetone treatment (Type | 
residue) was applied to the paper in 0-05 ml. of distilled water. After 3 hr 
equilibration and a 3} hr run the solvent front had reached 15cm. From 
Fig. 2 it can be seen that the irin activity was confined to two slices of this 
paper, i.e, 13-13-5 cm and rather more in 13-5-14-0, giving an Ry value of 
0-87 to 0-93. 

In the other experiment a larger amount of acetone-purified irin, = 80 mg, 
had been applied to the paper as a line and after 6 hr run the solvent front 
had reached 17-2 cm. The assay of the active end of this paper is shown in the 
second panel of Fig. 2. The topmost slice, 16—-17-2 cm, was inactive; the next 
slice, between 15 and 16 cm, elicited a spasm which kept the lever off scale 
for 4-6 min, although the slice was removed and the bath fluid was changed 
after 2 min; the preparation recovered fully only after 20 min. Some activity 
was present in the next slice, 14-15 cm, and none below that, giving an Ry of 
0-81-0-93 with a maximum at 0-87 to 0-93. 

The recovery of irin was about 10%, in the first experiment of Fig. 2 and 
appeared to be low in most of the other chromatograms. This is probably due 
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to inactivation of the irin by oxidation or by the base in this solvent. Never- 
theless, by applying an excess of irin, enough of the active substance remained 
on the papers at the end of all these experiments to permit its accurate location 
and to obtain a consistent R,. The high Ry of irin suggests that it is. con- 
siderably less polar than Darmstoff and is probably of high chain length, 
comparable perhaps to that of (+)-ricinoleic acid which has a similar Ry in 
this solvent (see, p. 279). 


> 


13-135 135-14 
R; 


Re 
0-87-0-9 0-9-0-93 
Fig. 2. Ry of irin chromatographed ascendingly in ethyl methyl ketone: diethylamine: water 


(60:3:20). Trin was located on the papers at Rp 0-87-0-93 by assay on rat colon preparations 
in 10~* g/ml. atropine and LSD. First panel: successive transverse slices of a whole 15 cm 
chromatogram ; activity confined to slices 13—13-5 and 13-5-14 cm. Second panel: uppermost 
two slices of another chromatogram showing activity again at Rp 0-87-0-93. For details 
see text. 


Carboxylic acids 


The apparent pK of irin suggested by Fig. 1 would fall into the range of pK 
of carboxylic acids, which is 2-5-6 (5-77 for stearic; Ralston 1948, p. 379). The 
following classes of carboxylic compounds were therefore examined. 

Amino acids. Crude iris extracts, spotted on filter paper, stained with ninhydrin, but after 
purification by chromatography or by electrophoresis on paper the irin- -containing regions of the 
papers did not stain with ninhydrin. Thus irin is not an amino acid. 

The following amino acids or derivatives were tested on the rat colon, as 10-* solutions in 
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de Jalon’s fluid, and were all inactive in doses of 100-200 ug: y-aminobutyric acid, DL-norleucine, 
pi-isoleucine, 8-hydroxylysine HCl, pi-glutamic acid, Na pantothenate, and L-tyrosine. 

In addition, activity tests were carried out on a few imino (NH) acids (100-200 ug) as these 
might have escaped detection with ninhydrin. The heterocyclic 1-proline, hydroxy-t-proline, 
neutralized DL-pyroglutamic acid, and ¢-caprolactam were all inactive on the rat colon and did not 
affect irin-responses. 


Saturated fatty acids. The extractability of irin from water into ether at acid 
pH resembles a well known property of fatty acids. Purified irin does in fact 
give a colour test characteristic of the higher fatty acids (see p. 269). However, 
it is mentioned by Gabr (1956) that the C,-C,, saturated fatty acids are 
pharmacologically inactive, and Vogt (19576) has reported that stearic acid 
is inert on the guinea-pig ileum. In the present investigation two acids of this 
type were tested on the rat colon: Na acetate (50-200yg) and neutralized 
n-caproic acid (100 ug). Both were inactive. 

The pharmacological properties of ‘ branched-chain’ fatty acids are unknown; 
their biological occurrence has been demonstrated in sebum by James & 
Wheatley (1956, 1957) using the method of gas-liquid chromatography. 
Rabbit sebum, which contains a wide range of such acids, was therefore tested 
on the rat colon. A 19 mg specimen of sebum failed to dissolve completely 
in 1-9 ml. of de Jalon’s fluid, even when NaOH was added to pH >10. It was 
diluted to 9-5 ml., neutralized and tested. The suspension was inactive on the 
colon in 0-1 and 0-2 ml. doses. 

Unsaturated fatty acids. The evidence that irin is unsaturated is given below. 
A number of naturally occurring unsaturated fatty acids were therefore con- 
sidered, but could all be distinguished from irin on pharmacological grounds. 
Among the mono-ethenoid acids oleic (cis-octadec-9-enoic) acid could be 
excluded because it does not contract the guinea-pig ileum (Feldberg, Holden 
& Kellaway, 1938; Vogt, 19576) or the hamster colon (see Fig. 8), and its 
isomers octadec-3-enoic and trans-octadec-2-enoic, because they are inactive, 
respectively, on the rat colon and on the guinea-pig ileum (Gabr, 1954, p. 79; 
1956). In the present experiments cis-octadec-11l-enoic (Laser, 1950) could 
likewise be excluded; this acid had to be rendered soluble at pH 7-6-8-5 by 
the addition of alkali and by warming, and was then inactive on the rat colon 
in doses of 250ug. Undecylenic (hendec-10-enoic) acid was also insoluble in 
de Jalon’s fluid and a 1 in 1000 emulsion was inactive on the rat colon in a 
dose of 0-05 ml. | 

The diethenoid linoleic (octadeca-9:12-dienoic) acid has some stimulating 
effect on the guinea-pig’s intestine, as was shown by Gabr (1956), but according 
to Vogt (19575) the effect is only weak and cannot be regularly obtained, thus 
differing from that due to irin. On the hamster colon linoleic acid was inactive 
in doses of 70-100 yg. The triethenoid linolenic acid renders the guinea-pig gut 
insensitive to stimulants (Gabr, 1954). 
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The unsaturated fatty acid SRS, which is split off from lecithin by cobra 
venom and which has been studied by Vogt (19575), can be excluded because 
its stimulating effect on the guinea-pig ileum decreases with successive applica- 
tions and finally disappears, whereas no such tachyphylaxis was seen with 
irin on the guinea-pig ileum in the presence of atropine and —— 
(Ambache, 1957a) or on other preparations. 

Prostaglandin, a muscle-contracting substance described by von Euler 
(1936), is now known to be an unsaturated fatty acid (Bergstrom, 1949). It 
differs from irin in its great stability, since it can be boiled for 20 min at pH 1-7 
without loss of activity (von Euler, 1936). According to Eliasson’s (1957) 
results its Ry (0-40-45 in the ethyl methyl ketone—diethylamine—water 
mixture described above) is about half that of irin and corresponds exactly 
with that of Darmstoff. 

Keto acids. The a-keto Na pyruvate (50-200 ug) and the y-keto Na laevuli- 
nate (0-2-1 mg) and sodium ketoglutarate (50-200 1g) were all inactive on the 
rat colon. 

The following long-chain keto-acids failed to dissolve completely even in 
the presence of just less than their calculated equivalents of NaOH, and were 
inactive in doses of 0-1—0-2 ml..of such ‘10-*’ and ‘5 x 10-*’ (g/ml.) suspensions: 
5-keto-undecanoic; 5-keto-tetradecanoic; 9-keto-tetradecanoic; 5-keto-octa- 
decanoic; and 5-keto-docosanoic. 

acids. Na succinate (100—-200yug) and neutralized glutaconic 
acid (m.p. 135-136° C) were inactive; Na adipate was inhibitory in doses of 
0-6-1-2 mg. A saturated solution of the mono-ester, ethy! hydrogen sebacate, 
HOOC (CH,), COO. Et was inactive in 0-1-0-2 ml. doses. 

Carboxylic and other steroids. The sodium salts of pure cholic and glyco- 
cholic acids and of taurocholic acid (a sulphonate), and a commercial sample of 
mixed bile salts, all failed to contract the rat colon in doses of 200 ug/5 ml. 


Other acids 

L-Ascorbic acid. Ascorbic acid was tested because it is known to be concentrated into the 
aqueous humour in rabbits. It could be excluded because it was inactive on the rat colon in 
concentrations of up to 4 x 10-* g/ml. 

‘SRS-A’ is a slow reacting substance released from lung tissue during anaphylactic shock 
(Brocklehurst, 1956). It is acidic and contracts the guinea-pig ileum, but differs from irin in 
lacking the stimulating effect on the rat colon, even when tested in concentrations > 20 times 
greater than those which contract the guinea-pig ileum (Brocklehurst, 1956; and see Vogt, 1958). 

An unsaturated acid which contracts the atropinized rat colon and tortoise jejunum has been 
found in extracts of nasal mucosa from dogs and sheep by Toh & Mohiuddin (1958). This substance 
is thermostable at pH 10-8, whereas irin is inactivated by alkali even at room temperature and is 
thermolabile. 

Amphoteric purines and pyrimidines. The replacement of hydrogen in the purine ring by oxygen 
in the 2-, 6-, and 8-positions is known to confer weakly acidic properties upon the purine molecule, 
as for instance in xanthine (2,6-dioxypurine) and its derivatives. Thus caffeine, which is 1,3,7- 
trimethylxanthine, resembles irin in being extracted by chloroform from acid aqueous solution. 
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However, on the atropinized rat colon xanthine (6-9 and 34-5 ug) was inactive, as also were caffeine 
and inosine (hypoxanthine riboside) in amounts of 200 ug. The dioxypyrimidine uracil was inactive 
in doses of 5-10 pg. 


Interaction of irin with drugs 

In the course of the activity tests just outlined a number of drugs were examined as possible 
antagonists to irin. None of the following interfered with irin contractions of the rat colon 
preparation in atropine + LSD: morphine SO, (2 x 10- g/ml.), pethidine (2 x 10-*), neutralized 
salicylic acid (2 x 10~*), dihydroergotamine methane sulphonate (4 x 10-"), eserine SO, (10-), 
strychnine HCl (10-"), cocaine HCl (10-"), and dibenamine (4 x applied for 9 min). 


The chemical nature of irin 
Preliminary exclusion of various radicals | 

Tests for nitrogen. An elementary analysis of the relatively crude ‘Type 2’ 
iris residue, purified by a further re-extraction with absolute acetone, showed 
that 637% of nitrogen was still present after purification by this method. 
I am indebted to Dr C. R. Owen, Imperial College, for this analysis, which was 
carried out on 2 mg of material obtained from 1400 mg of iris tissue. It is, 
however, unlikely from the results below that irin is itself a nitrogenous 
compound. 

The absence of a strongly basic quaternary NH,* group in the irin molecule 
can be inferred from the fact that irin does not behave as an ampholyte in 
partitions and on electrophoresis at various pH’s. The absence of an -NH, 
group can also be deduced from the negative ninhydrin test reported above. 
The ninhydrin reaction would, however, fail to detect the presence of a 
secondary —NH (imino) group. To reveal such imino-groups a sensitive colour 
reaction can be used, which has been described by Reindel & Hoppe (1953) 
and which is, for instance, capable of detecting on paper 1 »g/cm? of protein, 
i.e. 015g of N,. In this test papers are exposed to chlorine dioxide, which 
converts RNH groups to RNCI; the papers are then sprayed with benzidine, 
which at once reveals the RNC by forming a blue colour. Electrophoresis 
papers treated in this way all showed two distinct: blue bands due to nitro- 
genous impurities (a narrow band at the ‘origins’ and a wide band on the 
negative side) but there was no trace of blue colour in the pharmacologically 
active areas of these papers (Fig. 3.4). In the experiment of Fig. 34 the 
extract applied to the electrophoresis paper had been purified to a ‘Type 1’ 
residue by acetone treatment as described in Methods; for application to the 
paper this residue was taken up in 90% acetone. In another experiment in 
which a parallel sample of the same residue was taken up in undiluted acetone, 
the blue bands on the sprayed paper were much fainter initially, and faded 
after the paper was dipped in 95% ethanol (see Methods). This experiment 
showed that although less nitrogenous material was taken up by re-extracting 
residues with undiluted acetone, its presence on the electrophoresis papers 
could still be detected, but always outside the pharmacologically active area. 
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This test excludes small peptides (e.g. ophthalmic acid, Waley, 1957), carbamyl phosphates 


and sphingosides, in which fatty acids are linked to sphingosine by a peptide bond, and lastly, 
lactams; this result is relevant to the interpretation of the infra-red spectra of irin since some 
lactams absorb at 1740 cm-!, where all irin residues examined so far have an intense carbonyl 


absorption. 


PA 


Fig. 3. Colour tests on electrophoresis papers (details in text). Acetone-treated extracts were 


applied as a line at the origins (= 15 mg/cm in A and B; = 6-6 mg/cm in C and D). The 
brackets PA show the location of the pharmacological activity after electrophoresis 
(M=maximum); assays on rat colons. These irin-containing areas remained unstained by 
A, ClO, and benzidine, a test for NH, and NH; B, anisidine HCl, test for sugars; C, Schiff’s 
reagent alone, test for aldehydes; D, Schiff’s reagent + HgCl,, test for acetals, 


Exclusion of aldehyde and acetal groups. Iris extracts contain an acetal-like 
impurity. In the presence of a trace of HgCl,, which is known to catalyse the 
hydrolysis of acetals with the liberation of free aldehydes (Hack, 1953), this 
impurity stains violet with fuchsin-sulphurous acid (Schiff’s reagent). The 
violet colour was obtained with solutions of Type 1 iris residues, i.e. after the 
first stage of purification with 20 vol. of acetone, but not after the next stage 
of purification by re-extraction with absolute acetone (Type 2 residues). When 
crude iris extracts were purified by partition into ether, = 5 and = 10 mg of 
purified, pharmacologically active material did not give the violet coloration, 
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whereas = 2-5 mg of the original extract did. Lastly, paper electrophoresis 
showed that the Schiff-staining impurity remained adsorbed at the origin. 
When papers, on which irin had migrated towards the anode, were sprayed 
with the fuchsin-sulphurous acid reagent, a faint band was seen only at the 
origin (Fig. 3, paper C). On re-spraying the parallel paper of Fig. 3D with 
the same reagent, now with added HgCl,, the colour of this band deepened 
rapidly but still remained confined to the origin. The pharmacologically active 
area of the paper did not stain at any time. Since glucose ‘spots’ applied as 
neutral markers to the origins of electrophoresis papers are shifted end- 
osmotically some 0-6-2-25 cm towards the negative pole (Ambache, 1957), 
the location of the present violet bands exactly at the origin suggests an 
adsorption of the Schiff-staining material to the paper. It is therefore unlikely, 
from these experiments, that irin is a fatty aldehyde, either free or condensed 
as an acetal. 
Exclusion of a glycoside. The pharmacologically active areas of electrophoresis papers did n 

stain when sprayed either with aniline hydrogen phthalate (Partridge, 1949) or with anisidine 
hydrochloride (Hough et al. 1950; Hofman, 1953) although these reagents revealed the presence 


of carbohydrate elsewhere on the papers, as brown bands at the origin and on the negative side 
(the latter probably due to endosmotic shift). 


Evidence that wrin is an unsaturated hydroxy-fatty acid 


The evidence that irin is an unsaturated hydroxy-fatty acid is based upon 
the following properties and colour reactions which are given by extracts 
purified in various ways, and upon the destruction of the pharmacological 
activity by reagents which have the capacity to bind either with alcoholic 
hydroxyl or with carboxyl groups, or which attack double bonds. 

Colour test for carboxylic acids. In the presence of uranyl ions, the higher 
fatty acids form benzene-soluble red addition compounds with the dye 
Rhodamine B which, now in its quinone-form, becomes fluorescent (Feigl, 
1956, p. 461). This test was performed, as described in Methods, on several 
batches of irin purified into ether at acid pH and by two or three further 
re-extractions of the residues with ether. With = 45-100 mg of such Type 3 
iris residues, dissolved in benzene, a pink colour, seen better as a distinct 
orange fluorescence in ultra-violet light, appeared in the benzene layer. 

Colour test for hydroxy-fatty acids. Hydroxy-fatty acids react with freshly 
prepared 0-5% solutions of sym-diphenylcarbazide in tetrachloro-ethane to 
form a red colour (Feigl, 1956, p. 483); in the present experiments <100pg 
of Na ricinoleate and of 5-dodecalactone (alkali-treated) could be detected by 
this test, modified as described in Methods. This colour reaction was given by 
the following types of active irin residues, dissolved in de Jalon’s fluid: (a) a 
Type 2, acetone-purified residue; (b) several different batches of irin purified 
by ether-partition (Type 3 residues), some purified further by re-extractions 
with ether; (c) two Type 3 residues, further purified by dissolving in de J alon’s 
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fluid and repartitioning with ether at acid pH. A noticeable colour difference 
between the irin tubes and the blanks, containing reagent and de Jalon’s fluid 
alone, could, in one experiment, be detected after 35 min with as little as 
= 4 mg (about 2g) of material. Eventually, however, some colour develops 
in the blank, and it is therefore easier to carry out this test with larger amounts 
of irin. Thus with = 20-30 mg the intensity of this pink, faintly purple, colour 
in the irin tube was greater and its onset could usually be detected within 
10 min. 


This colour was not due to lactic acid since a parallel test on one of the above batches of ether- 
purified irin failed to detect any lactic acid (< 3g in = 100 mg residue); it is known that in 
water-ether partitions lactic acid is 10-12 times more soluble in water than in ether, even in the 
presence of 0-5 n-H,SO, (Seidell, 1941), and would therefore be left behind in this purification. 


The colour tests with sym-diphenylcarbazide were repeated on eluates from 
a heavily loaded electrophoresis paper (see Methods). After electrophoresis in 
phosphate buffer and location of the pharmacological activity on the dry 
paper, a 2cm width of the paper was cut into successive transverse 1 cm 
slices; each slice was then eluted with 1 ml. of de Jalon’s fluid. The colour tests 
were carried out in a row of tubes each receiving equal 0-5 or 0-8 ml. samples 
of these successive eluates and 0-1 ml. of 0-5°% sym-diphenylcarbazide solution 
in tetrachloro-ethane. The maximum colour (in the tetrachloro-ethane layer) 
corresponded to the tube containing the maximum pharmacological activity 
(= 26~-33-6 mg by assay). 

The relative insolubility of wrin in petroleum ether. Hydroxy-fatty acids and 
lactones are known to be much less soluble in petroleum ether than in other 
organic solvents. In fact, when petroleum ether was used for partitions the re- 
covery of irin was <25°%. In an experiment in which the same iris extract was 
partitioned successively at pH 3-30, first with 1 vol. of petroleum ether A.R. 
(b.p. 40-60° C), and then again with 1 vol. of diethyl ether, the recovery of 
activity was 5% from the petroleum ether and 50-55 % from the diethy] ether. 


Irin was therefore at least 10 times more soluble in diethyl than in petroleum 
ether. 


Type 3 residues of irin were also relatively insoluble in petroleum ether. When, for instance, 
such a residue was extracted with 1 ml. of petroleum ether (b.p. 40-60° C) per ‘= 100 mg’ the 
activity of the petroleum ether-insoluble fraction was 10 times greater than that of the petroleum 
ether-soluble fraction. However, with a Type 2 residue the reverse result was obtained, 10/11th of 
the activity being found in the petroleum ether-soluble fraction; this may be due either to a true 


_ difference between the two types of irin or to a solvent effect of the impurities in the Type 2 residue. 


Inactwation of iris extracts by phenyl isocyanate (OH -binding reagent). Pheny! 
isocyanate reacts with free alcoholic (or phenolic) hydroxyl groups to form 
phenyl urethanes as follows: 


C,H, .N:C:0 + ROH—+0,H, NH.COOR. 


| 
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(It can also react with amine groups, but these appear to be absent from the 
irin molecule.) Since in colour tests irin behaves as a hydroxy-acid, it should 
be possible to attack its OH group with phenyl isocyanate and to produce its 
phenyl urethane derivative, the latter possibly inactive. This expectation has 
been fulfilled and irin is in fact easily inactivated by exposure to phenyl 
isocyanate at room temperature. These experiments have been performed on 
unpurified aqueous extracts of iris; as is shown in Fig. 4, after such extracts are 


= mg treated 5 10 20 

mg control 2 2 4 

Fig. 4. Inactivation of iris extract by 2% pheny] isocyanate: asssy on atropinized hamster colon. 
At the dots, doses of control sample of untreated extract administered by itself at A, D and G; 
contact periods 75 sec. At the arrows B, E and H, doses of treated extract, ineffective by 
themselves but not preventing the response to challenge doses of the control administered 


90 sec later at (, F and I without changing the bath fluid for another 75 sec. 
18-2 
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treated with 0-01-0-03 ml. of phenyl! isocyanate per millilitre for about 1 hr, 
they can be assayed on the hamster colon without any adverse effect of the 
reagent on the preparation. This is because phenyl isocyanate is gradually 
hydrolysed to the almost insoluble diphenyl urea, which can be removed by 
centrifugation. In the experiment of Fig. 4, the preparation responded to 
= 2 mg of control, untreated, extract at A and D and to = 4 mg at G, but 
not to = 5, 10 and 20 mg of the treated extract at B, H and H respectively. 
After failing to obtain any response for 90 sec with these doses of treated 
extract a challenge dose of the control was introduced into the organ bath. 
The appearance of a response now, at C, F and J, whilst the treated extract 
was still in the organ bath, showed that the lack of response to the doses of 
treated extract had not been due to any deleterious effect on the preparation. 
The loss of activity after this treatment with 2° phenyl isocyanate was there- 
fore >90°%, in this experiment, as in several others. 


In order to examine whether the loss of activity was due to a combination of irin with the reagent 
and not merely to its removal out of solution by adsorption on to the precipitate of insoluble 
diphenyl urea, the precipitate was emulsified in one experiment and injected into the organ bath 
without effect. In another experiment in which, after treatment with 3% phenyl isocyanate, 
more than 95% of the activity had disappeared from the extract, the precipitate was dried and 
extracted with petroleum ether (b.p. 80—-100° C) in which diphenyl urea is insoluble; previous 
experiments had shown that irin in Type 2 residues is appreciably soluble in this solvent. The 
petroleum ether was evaporated in a weighing bottle, leaving a visible residue on the sides, of 
appearance different from that of diphenyl urea; this was probably the pheny] urethane derivative 
of irin. When reconstituted in 0-9% saline this material was inactive in doses ten times greater 
than those of standard. 


Inactivation of trin by N,N'-carbo-di-p-tolyl-imide (carboxyl-binding reagent). 
The carboxyl-binding properties of this reagent, described by Zetsche, Liischer 


& Meyer (1938), depend upon its ability to convert carboxylic acids into mono- 
acylated di-ureides as follows: 


(CH,)C,H,.N=-C—N.C,H,(CH,) + RCOOH (CH,)C,H,.NH.CO.N.C,H,(CH,). 
R. 


The reaction can be carried out at room temperature in a number of organic 
solvents ; its speed varies from a few seconds to hours according to the reactivity 
of the carboxylic acid. 

In the present experiments parallel samples of Type 2 irin residues, dis- 
solved in acetone, stood for 15-30 min at room temperature, some with added 
reagent (1 mg/ml.), some without. When the samples were assayed on the 
hamster colon after they had been evaporated to dryness and reconstituted in 
1 ml./ = 100 mg of de Jalon’s fluid, it was found that the reagent had in- 
activated the treated samples to the extent of 45-60%. One of these experi- 
ments is illustrated in Fig. 5. The response at A to 0-12 ml. of the treated irin 
(= 12 mg) was matched by half that dose of the untreated irin, administered 


a 
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at C by itself and at B together with 0-12 ml. of ‘reagent control solution’ 
prepared as described in Methods. A comparison of B and C, and later of 
E and G, showed that any traces of this water-insoluble reagent which might 
have been present in these solutions did not interfere with the assays. 


= mg treated 12 14 18 20 
= mg control 6* 6 9 9* 


Fig. 5. Inactivation of irin by 0-1% N,N’-carbo-di-p-tolyl-imide (30 min at room temperature in 
acetone) ; assay on atropinized hamster colon. Treated irin at A, D, F and H, doses as indicated. 
Untreated irin administered alone at C and HZ, and together with the ‘reagent control 
solution’ (for details see text) at B and G (asterisks). 


Repeating the assay at a higher dose level, the response to 0-18 ml. of treated 
irin (= 18mg) at F was less than that to = 9 mg of the untreated irin 


_ administered at EZ by itself and at G@ together with 0-18 ml. of the reagent 


control solution. The inactivation in this experiment was therefore 55%. 


Inactivation was not significantly greater with higher concentrations (1-4%) of the reagent 
or with longer exposures. Infra-red spectra of acetone-purified irin suggest that it may consist of 
a mixture of hydroxy-acid and of lactone (see below). In the above reaction with the carbo-di- 
imide it is to be expected that any irin present in the lactone form, i.e. without a free carboxyl 
group, would be spared. 
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Evidence of unsaturation: inactivation by procedures attacking double bonds. 
The method of staining unsaturated compounds on paper by exposure to OsQ, 
vapour (Hack, 1953; Vogt, 19576) was insufficiently sensitive to reveal the 
minute quantities of irin in the active areas of electrophoresis papers. The 
evidence that irin is unsaturated is based on its inactivation by oxidation with 
KMn0,, by catalytic hydrogenation and by halogenation with [Br (or by 
chlorine gas). When tested on the atropinized hamster colon, iris extracts 
treated with these reagents were either inactive or possessed a mere fraction 
of their original activity. 


= mg treated 50 12-5 25 12 14 16 


Fig. 6. Inactivation of irin by reagents attacking double bonds. Assays on four hamster colons 
(+ atropine 10~’ g./ml.) At the white dots, doses of controls. At the arrows C and F, sample 
exposed for 5 min to KMnO, before partition; inactivation > 98%. At the asterisks, samples 
exposed to [Br for 30 min before partition; inactivation > 90% in H-—L and 94% in M-Q 
from another experiment. At S a sample catalytically hydrogenated for 1} hr; inactivation 
nearly 75%. For details see text. 


The destructive effect of KMnO, could be shown in two ways: (1) by com- 
paring the activities of duplicate chromatograms of irin, one with and one 
without 1% KMn0Q, applied to the origins before chromatography; although 
KMnQ, remained at the origins, irin could not be recovered from three such 
treated chromatograms, whereas in their untreated control duplicates it was 
found at its usual R,; (2) by treating aqueous iris extracts with 0-05 % neutral 
KMnQ, for 5 min before partitioning with 2 vol. of ether at acid pH, in order 
to separate the irin from KMnQ,, which stays in the aqueous phase. Whereas 
normally in partitions at pH 3-4 with only 1 vol. of ether >60% of the 
activity can be recovered from the ether phase (see Fig. 1), after KMnO,, even 
on partition with 2 vol. of ether, recovery was virtually nil in three experiments, 
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one of which is shown in Fig. 6 A-G, and 28° when the KMn0O, was reduced 
to 0-01% and the treatment time to 3 min. 

In the experiments on catalytic hydrogenation, extracts were bubbled for 
1-2 hr with hydrogen in the presence of a palladium catalyst. It was not 
necessary to partition before assay since the traces of catalyst did not seem to 
affect the colon adversely ; if anything, they seemed to increase the sensitivity 
of the colon to control irin solutions. Hydrogenated extracts showed a 
50-90% loss of activity when assayed against unhydrogenated controls 
containing the same amounts of catalyst (Fig. 6 R-T). 

With iodine monobromide as with KMnQ, it was necessary, before assay, to 
separate the treated irin from the reagent by partition with 2 vol. of ether. 
Six extracts treated with 0-0019-0-005m-IBr (0-03-0-083%) for 10-30 min 
showed a loss of 56-95 % of their activity when compared with that of controls 
prepared as described in Methods. Two of these experiments are illustrated 
in Fig. 6 H-Q, 

The results with these three procedures are fully concordant and provide 
a strong indication for the presence of at least one essential double bond in the 
irin molecule. Of the three procedures the reaction with [Br is the most 
informative, since it serves to exclude one possible double-bond position. It is 
known that (in 30 min) IBr will not halogenate double bonds in the «8 position, 
i.e. when immediately adjacent to carbonyl groups, both in cyclic unsaturated 
lactones (Cavallito & Haskell, 1946) and in straight-chain «8-unsaturated acids 
(Caldwell & Piontkowski, 1934). An «$-unsaturated acid or lactone is thus 
excluded by the fact that [Br inactivates irin. 

The possibility that there is more than one double bond in irin has to be kept in mind. However, 
an example will be given below of a singly unsaturated hydroxy-acid, ricinoleic, which has strong 
muscle-contracting properties. There is, therefore, no need to invoke at present more than one 


double bond and there has not been any evidence so far, in infra-red and ultra-violet absorption 
studies, for the presence of conjugation, btit these do not exclude the possibility of a 


type of structure. There has also been no evidence of a triple bond, which excludes certain acids 
found in some vegetable oils such as hydroxy-ximenynic acid (Ligthelm, 1954); in fact, acetylenic 
acids are unknown in animal tissues, but for their activity see Ambacho & Reynolds (1959). 

Inactivation of irin by alkali. Irin is inactivated by standing in NaOH at 
room temperature. Both with crude, distilled-water extracts of rabbit iris and 
with solutions of acetone-purified irin (Type 2 residues), the loss of pharmaco- 
logical activity after treatment with j,th vol. of n-NaOH for about 3 hr 
amounted to 66-80%. Parallel samples of the same extracts or irin solutions 
treated with 4,th volume of 0-8-1 N-HCI for 3} hr lost only 20-30% of their 
activity. In the experiment of Fig. 7 the samples of extract were treated with 
acid or with alkali at room temperature for 3§ hr. The inactivation of the acid- 
treated sample was <20% (Fig. 7C). The inactivation of the alkali-treated 
sample was determined twice; it was 83%, when assayed on the rat colon 
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preparation of Fig. 7 and 66-75% in a second assay on a hamster colon. In 
another experiment the control, untreated, irin was dispensed into a weighing 
bottle containing the same volumes of NaOH and of neutralizing HCl as had 
been added to the treated sample, and both samples were assayed on a hamster 
colon preparation; the destruction by NaOH was 62% in 4 hr. 


= mg 2 146 6 1 16 
BOA A A B B A 

Fig. 7. Inactivation of irin by alkali at room temperature: assay on rat colon (atropine + LSD). 
Solution A: untreated control sample of rabbit iris extract (= 100 mg/ml.). Solution B: 
parallel sample, after treatment with 1/10th vol. of n-NaOH for 3% hr and neutralization. 
Solution C: sample treated with 1/10th vol of 0-8n-HCl (pH 1) for 3¢ hr and neutralized. 
Before testing, solutions A, B, and C were diluted 1 in 5 in de Jalon’s fluid. Doses in = mg 
given below. Contacts 90 sec. 


In several experiments samples of extracts or of irin solutions were sealed in glass ampoules 
with or without added NaOH or HCl. The ampoules were left in a boiling water-bath for 10-30 min. 
In all these experiments there was a loss of activity even without addition of acid or alkali 
(pH 6—7), amounting to 40% in 10 min and 60-70% in 30 min; this was increased to 85-96% 
both by acid and by alkali. Since we know that irin is an unsaturated compound, these destruc- 
tions could have been due partly to oxidation. 


It is a well known property of some unsaturated fatty acids that in alkali 
they undergo isomerization at double bonds, which shift into positions nearer 
the carboxyl groups. For instance Gabr (1954) found that the smooth-muscle- 
contracting activity of octadec-3-enoic acid was considerably reduced after 
heating with alkali, probably as a result of isomerization. The inactivation of 
irin by alkali might perhaps be explained by isomerization (or by racemization) 
to an inactive derivative. 
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Pharmacological actions of some hydroxy-acids and lactones 

Rat colon preparation 

Before it was realized that irin was unsaturated, the following types of 
saturated hydroxy-acids were tested on the atropinized rat colon preparation 
and failed to elicit contractions in the doses stated in brackets: (1) as a proto- 
type of a-hydroxy-acids, sodium lactate (70-140g) («-hydroxy-stearic was 
inactive in a test on the hamster colon); (2) as a B-hydroxy-acid, sodium 
B-hydroxybutyrate (50-200 ug); (3) as a y-lactone, butyrolactone (200g); 
4) as a d-lactone, (approx. 2-5-8 mg). 
A 50ug dose of sodium citrate was inactive and 200ug produced a slight 
relaxation. 

Interaction with irin. Irin contractions were neither depressed nor poten- 
tiated by y-butyrolactone or by «-hydroxy-88-dimethyl-y-butyrolactone in 
200 ug doses. 


Hamster colon preparation 

The aromatic p-hydroxybenzoic (20-400 ng neutralized) and 3, 4-dihydroxy- 
benzoic (20-200 ug) acids were inactive. 

Unsaturated hydroxy-fatty acids. It has been shown on p. 274 that irin is an 
unsaturated hydroxy-acid, probably of high-chainlength. Acetylenic hydroxy- 
acids aside, only three naturally occurring hydroxy-fatty acids of known 
constitution have been described so far, all of vegetable origin. They are 
(+)-ricinoleic acid and the iso-ricinoleic (+ )-9-hydroxy-cis-octadec-12-enoic 
acid from Strophanthus sarmentosus seed oil (Gunstone, 1952), both of which 
have one double bond, and kamlolenic acid, which has three; kamlolenic acid 
was unobtainable. 

The activity of (+ )-ricinoleic (12-hydroxy-cis-octadec-9-enoic) acid. The oldest 
known and best characterized of these vegetable acids is (+ )-ricinoleic acid, 
CH,(CH,),CHOH .CH,.CH=CH(CH,),COOH. Although considerably less 
active than irin, it is capable of producing graded contractions of the atro- 
pinized hamster colon and can be assayed satisfactorily on this muscle, as 
shown in Fig. 8. The figure also illustrates in two ways the fact that the 
hydroxyl group in the molecule of ricinoleic acid is essential to its pharmaco- 
logical activity. First, although the threshold dose of sodium ricinoleate was 
66g in the second experiment of Fig. 8 (see S) and less than 9-4ug in the 
first (F), there was no response in either of these experiments to 44-5-89 ug of 
sodium oleate (see B and () nor, in a third experiment, to 100g but 200 pug 
produced a minute contraction. Ricinoleic acid is therefore at least ten times 
more active than oleic. Now in their chain length and in the position of their 
cis double bond, oleic and (+ )-ricinoleic acids are identical; the only difference 
between them is the hydroxy] group on carbon atom 12 in (+ )-ricinoleic acid. 
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This confers optical activity upon the ricinoleic molecule, which has recently 
been shown to have the p-configuration (as in D-glyceraldehyde). Secondly, 
as with irin, sodium ricinoleate was inactivated by the hydroxyl-binding 
reagent pheny] isocyanate (LZ and N), showing again the dependence of activity 
upon the presence of the hydroxyl] group in this fatty acid. An experiment on 
@ preparation of guinea-pig ileum taken 35cm above the ileo-caecal valve 
showed that this muscle was at least ten times less sensitive than the hamster 
colon to the same solution of Na ricinoleate. 

The following properties distinguish irin from (+)-ricinoleic acid. The 
activity of irin on the hamster colon preparation is at least 6-18 times greater 
than that of Na ricinoleate. Thus in Fig. 8 the effect of 18-8 ug of ricinoleate 
at Q was matched in height at R by = 3 mg of iris extract, a dose which, 
according to the data given in Table 1, would correspond to 1-3 yg, or less, of 


interval 1 hr 


= 


Iris == (mg) 5 | 5 25 5 
Oleate (ug)- 445 89 


ug untreated_ 9:4 37-6 94188 66 


Ricinoleate 


Fig. 8. Activity of Na ricinoleate and its assay on atropinized hamster colons. A, D, E, I, J 
and R, rabbit iris extract. Although 44-5-89 ug Na oleate was inactive (B and C), 9-4-37-6 yg 
Na ricinoleate produced graded contractions (Ff, G, H, K; and P, Q, 8). Second panel: 
inactivation of ricinoleate by phenyl isocyanate. At the arrows: L, 18-8yug and N, 37-6 ug 
of treated ricinoleate, now inactive but not preventing the response to 18-8 pg of untreated 
ricinoleate 60 sec later at M and 0. Third panel: another preparation, showing broader 
response to iris extract (R) than to ricinoleate (Q); ricinoleate threshold at S. Contacts 
90 sec in the first and third panels and 60 sec in the second. 
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purified irm. Although the contact period was 90 sec in both cases, relaxation 
after the irin contraction was slower than after the ricinoleate, giving rise to 
a larger contraction area on the tracing (compare also H with A and E). The 
first panel of Fig. 8 also shows that the slope of the dose-response curve for 
the two substances is different, since doubling the dose of irin produces the 
same increase in height of contraction as quadrupling the dose of ricinoleate. 


Ricinoleic acid is a liquid at room temperature, whereas Type 3 ether-purified irin (i.e. in the 
acid or ‘lactone’ form) is a soft solid, which suggests a difference in double bond position (A). 
In ricinoleic as in oleic acid the double bond is exactly in the middle of the 18C chain (A9: 10) 
and the uninterrupted sequence of seven consecutive methylene groups on either side of the 
double bond is inadequate to confer solidity. The melting points of these two cis acids are: oleic, 
a-form, 13-4° C and 8-form, 16-3° C; ricinoleic, three forms melting at 5-0, 7-7 and 16° C (Hilditch, 
1956). The effect of double-bond position upon the melting point is well established in the series 
of ‘ positional’ cis isomers of oleic acid, in which the melting point increases as the double bond 
is nearer the carboxyl group. Thus with A6:7 octadecenoic the melting point is 30°C; with 
44:5, it is 52-5° C; with A3:4, 56-5° C and with A 2:3, 59° C (Markley, 1947, table 6; Deuel, 1951, 
table 14). This would suggest that in irin, which is a solid, the double bond may be nearer the 
carboxylic end of the molecule. 


Chromatography. Ricinoleic acid was chromatographed for 2-2} hr on 
Whatman No. | paper in ethyl! methyl ketone-diethylamine-water (60:3:20 v/v), 
the solvent already used for the chromatography of irin (p. 263). As with irin, 
ricinoleic was located on the dried chromatograms by assay of successive slices 
of the paper. The activity was found at R, 0-875-1 in one experiment (in 
nitrogen) and at R, 0-73-0-89 in another (Fig. 9, in air). These values are 
within the R, limits found for irin in the same solvent (0-8-0-97). In the 
experiment of Fig. 9 a spot of 235g of ricinoleic acid was applied to the 
origin in 0-0025 ml. acetone; the paper was dipped after } hr equilibration and 
the solvent was allowed to ascend for 2} hr in an atmosphere of air. 

The use of various methanol-water mixtures as solvents for the chromato- 
graphy of fatty acids on Whatman No. | paper has been described by Savary 
(1954). In 70% methanol the R, of ricinoleic acid was 0-74-0-86. In 60% 
methanol its R, was 0-58-0-77 ; irin was found slightly higher, at Ry 0-79-0-92. 
In 50% methanol the R, of irin was 0-82-0-89; ricinoleic acid was not 
recovered. 

Stability in NaOH. Samples of sodium ricinoleate solutions were left in 
0-1n-NaOH for 2-5 hr at room temperature; they were then neutralized with 
an equivalent volume of x-HCl, and assayed on atropinized hamster colons 
against untreated samples of the same solutions. Even after 4 and 5hr 
standing in alkali the recovery of activity was between 90 and 100% Thus 
ricinoleic acid appears to be much more stable than irin in alkali. Again, this 
may be due to a difference in double-bond position; the tendency to isomerize 
is greater when the double bond is close to the carboxyl group, and is par- 
ticularly marked in the Afy position. : 
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Threo-12:13-dihydroay-oleic acid (m.p. 52°C). Derived from vernolic acid, 
a naturally occurring epoxy-acid (Gunstone, 1954), 12:13 dihydroxy-oleic 
differs from ricinoleic acid only by having an extra hydroxyl group on carbon 
atom 13. A solution of its sodium salt contracted the hamster colon but its 
activity was less than }-}4 that of Na ricinoleate. In subthreshold doses it 
potentiated irin contractions. 


| 
10 12 14 16 18 
0-78 0-73 
t 
0-89 0°84 0-78 


Fig. 9. Ry of ricinoleic acid chromatographed ascendingly in ethyl methyl] ketone: diethylamine: 
water (60:3:20). Location of activity at Rr 0-73-0-89 by assay of successive transverse 
slices of a chromatogram on a hamster colon in atropine. Starting from the solvent front 
(17-9 cm), slice 1 corresponds to cm 17-9-17; all subsequent slices (at the dots) 1 om down- 
wards; each slice was left in the organ bath for 2 min. At A 56-4yg and at B 65-8yug of 
Na ricinoleate administered for 2 min. 


( + )-9-hydroxy-cis-octadec-12-enoic (iso-ricinoleic) acid. Isolated from Stro- 
phanthus sarmentosus seeds by Gunstone (1952), this acid can be considered as 
ricinoleic acid with the hydroxyl and double-bond positions transposed. Its 
activity was }th or less that of ricinoleic. 

_ Lactones. To the effect of lactones and their interaction with irin particular 

attention was paid when it was suspected that irin-might be capable of 
forming a lactone when acidified with HCl for partition. Infra-red spectra 
suggest that irin is then in the form of a long-chain unsaturated 5-lactone. The 
following 5-lactones were therefore examined, and some unsaturated y-lactones 
as well (Ambache, 1957c). Most of these compounds (see Table 2) had 
negligible side chains, but were nevertheless useful for testing the activity of 
various types of unsaturated lactone rings. 
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A. Saturated 5-lactones. (1) 8-dodecalactone. This fatty lactone differs from 
irin in being a liquid; its structure is given in Table 2 (formula 1). As shown 
in Fig. 10, -dodecalactone failed to stimulate the atropinized hamster colon 
in doses of 20-100ug. Moreover, although the dodecalactone did not relax 
the preparation or inhibit its rhythmic activity when administered by itself, 


TaBiE 2. Types of lactone tested 


CH, 
2. B-Methyl-3-hexanolactone CH,—CH—CH, .C=0 


B. af-Unsaturated 
3. Aaf-5-Hexenolactone CH,CH—CH,CH=CH .C—0 


4. Coumarin H CH=CH .C=-O 
5. Patulin 
H 
C. By-Unsaturated 


6. CH, 


7. Apy-Angelicalactone CH,.C=CH .CH,.C=0 
D. yé-Unsaturated 
8. Ayd-5-Hexenolactone CH,.C=CH.CH,CH,C—O 


it clearly interfered with the response to challenge doses of irin administered 
1 min later, whilst the lactone was still in the organ bath. The irin responses 


were reduced by 20 ug of the dodecalactone and abolished by 60-100 yg, but, 


as is shown in Fig. 10, recovered fully within 3-4 min after the lactone was 
removed by a change of bath fluid. On unatropinized hamster colon prepara- 
tions 100g of dodecalactone halved the response to 0-04 ug of acetylcholine 
but completely blocked equivalent doses of irin; 200 ug blocked acetylcholine 
as well. 


| 
| A. Saturated 
1. 8-Dodecalactone CH,(CH,),CH .(CH,),C—=O 
| | 
| 
CH,.CH.CH—C.CH,.C=0 
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These results show that 5-dodecalactone does not satisfy certain structural 
requirements possessed by the irin molecule. The presence in dodecalactone of 
a long, lipid-soluble methylene chain together with a saturated 6-membered 
delta-lactone ring is evidently not enough to confer upon it muscle-contracting 
properties. Since, as we have seen, irin is unsaturated, the presence of a double 
bond, either inside the potential lactone ring (see Appendix) or outside it, would 
appear to be essential to its activity. Nevertheless,there appears to be sufficient 
resemblance between dodecalactone and irin to explain the antagonism 
described above. 


Fig. 10. Hamster colon in 10~’ atropine (5 ml. bath). Suppression of irin contractions by 
8-dodecalactone. At the white dots, iris extract = 5 mg except for the first contraction 
(= 4); 90 sec contacts. At the arrows, 3-dodecalactone administered 1 min before the extract; 
doses as shown. 


(2) B-methyl-5-hexanolactone. This compound (Table 2, formula 2) failed to 
stimulate and did not interfere with irin contractions when it was present in 
the organ bath. 

B. af-unsaturated lactones. It has been mentioned already that the essential 
double bond in irin cannot be in an af position, because irin is inactivated by 
iodine monobromide. As was to be expected, «f-unsaturated lactones, whether 
delta or gamma, failed to stimulate the atropinized hamster colon preparation. 

The simplest available «f-unsaturated delta-lactone was L-Aaf-5-hexeno- 
lactone (Table 2, formula 3). In doses of up to 400yug this was inactive by 
itself; 100-400 ug had little effect upon irin contractions in one experiment, 
but 400 ug potentiated slightly in another. Racemic sgt nega had 
_ no effect in three experiments... 

Coumarin (Table 2, formula 4) produced some block of i irin contractions; 
Na coumalate had no effect. 

The «f-unsaturated gamma-lactone patulin (Table 2, formula 5), inactive 
by itself, also reduced irin contractions not only when it was present in the 
bath, but also for some time afterwards (see also Eliasson, 1958). 

C. By-unsaturated lactones. Reasons will be given in the Appendix for 


8-dodecalactone (yg) 10 8, 60, 10, 
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believing that acid-treated irin may be a Py-unsaturated delta-lactone. 
Unsubstituted prototypes of such a structure are not, however, available. 
The substituted f-methyl-Afy-d-hexenolactone (Table 2, formula 6) was 
inactive by itself in doses of up to 300g, and its potentiation of irin contrac- 
tions was small and irregular. This may be due to the 6-methyl substituent 
group which, at least in unsaturated Afy-~y-lactones, suppresses the reactivity 


ABCD EFGH UK MNO 


Iris = (mg) 1 0-50-50-5050'50-50-5 1 1 
Lactone (yg) 20, 50, 109, $0, 50. 
ACh (yg) 0-015 0-015 


Fig. 11. Hamster colon, suspended in 5 ml. bath. Potentiation or irin by Afy-angelicalactone. 
At the white dots, iris extract: = 1 mg at A, L and Q; = 0-5 mg at B, D, E, G, H, J and K; 
contact periods of 90 sec. At the asterisks, acetyicholine 0-015yug at M and O; contacts 
30 sec. At the arrows, Afy-angelicalactone, 20 ug at C, 50g at F, N and P, and 100yg 
at J, administered 1 min before D, G, O, Q and K respectively. 


of the unsaturated lactone ring. Thus Cavallito & Haskell (1945) have shown 
that the capacity to react with cysteine, by addition of its thiol group to the 
double bond, is abolished by f-substitution both in A«f- and Afy-~y-lactones. 
Although Afy-angelicalactone (Table 2, formula 7) has the double bond in 
the By position, it is of course a gamma-lactone with a 5-membered ring. By 
itself this lactone did not contract the hamster colon preparation but in several © 
experiments its presence in the organ bath enhanced, sometimes considerably, 
the effect of irin administered 1 or 2 min later. One of these experiments is 
shown in Fig. 11, which illustrates the graded potentiation of irin contractions 
by increasing doses of the angelicalactone. It also shows that the potentiation 
is specific to irin since acetylcholine contractions were hardly affected by the 
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lactone. The effect of the angelicalactone would seem to be in some way 
associated with the unsaturated lactone ring, since the sodium salt of its 
isomer, laevulinic acid, of which Afy-angelicalactone is the enol-lactone, did 
not potentiate irin. 

D. y5-unsaturated -lactone. Ay5-5-hexenolactone (Table 2, formula 8) was 
inactive by itself in doses of 25-400 ug. It potentiated irin in one experiment 
but not in three others. 

Ricinoleic acid. The effect on the iris of injecting Na ricinoleate, dissolved \ 
in 0-9% NaCl solution, into the anterior chamber of rabbits anaesthetized 
with pentobarbitone sodium and ether was studied in four experiments. The 
pH of the Na ricinoleate solutions was carefully adjusted beforehand to 
7-40-7-81. In doses of 100-200ug (0-05-0-1 ml. of solution) Na ricinoleate 


A Saline (0) 04 mi. 


B Na ricinoleate (4) 200 vg 
in 0-1 mi. saline 


= 


diameter (mm) 
@ 


Horizontal pupillary 


Time (min) 
“\ Fig. 12. Miotic effect of Na ricinoleate injected into the anterior chamber. Rabbit, 2-5 kg, 

premedicated with atropine, etc., and anaesthetized as described in Methods. Ether 
administered for 15 min before intraocular injections: at A, 0-1 ml. of 0-9% NaCl into right 
eye (O); at B, 200 ug of Na ricinoleate in 0-1 ml of 0-9% NaCl into left eye (A). 


elicited pupillary constrictions of 2-5 mm which began within a few seconds 
of the injections. In each experiment the contralateral eye was injected in an 
identical manner (see Methods) with an equal volume of 0-9°%% NaCl solution 
of pH 7-3-7-49; these control injections did not constrict the pupil. One of 
these experiments is illustrated in Fig. 12, which shows the duration of the effect. 

The fact that such large doses of ricinoleate are required for the production of miosis may be 
due either to a poor entry of this lipid-soluble substance into the tissues of the iris from the 


aqueous humour, or to the high albumin content (of the order of 0-02% or more) of the aqueous 
humour in rabbits, especially during ether anaesthesia. The effect of albumin is described below. 


Interaction of plasma albumin with irin 
It is known that serum albumins have the property of binding fatty acid 
and other anions by mechanisms which have been discussed extensively in 
a paper of Luck’s (1949); the number of ions bound per mole of albumin is a 
function of chain length and can be as high as 25, from which it can be calcu- 
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lated that a given dose of albumin could bind about one-tenth its own weight 
of a long-chain fatty acid. The following results show that albumin does in fact 
interfere with the action of irin. 

In the experiment of Fig. 13 concentrations as low as 10-5 of crystallized 
bovine plasma albumin, as supplied by Armour Laboratories, antagonized the 
effect of irin on the unatropinized hamster colon preparation at 30-31° C. Thus, 
50yug of albumin at B ‘blocked’ almost completely the effect of = 3 mg of 


A BC D EFGHI JK t MNOPQ RST U Wx 

Albumin (wg) 50 50: 100 400 400 400 
iris (= mg)3 33 | 
ACh (ug) 03 03 03 0-1 01 0-41 

Ricinoleate (ug) 60 60 60 50 50 50: « 


Fig. 13. Antagonism of crystallized plasma albumin (at the arrows) to irin: hamster colon; 
5 ml. bath. Responses to iris extracts are reduced by 50 yg albumin at C, and by 400 yg at W, 
whereas acetylcholine (ACh) responses are unaffected at @ and O; responses to Na ricinoleate 
are reduced by 400yug albumin (8), but only slightly by 100g (KX). All contacts 1 min, 
except for ACh (30 sec); albumin administered 1 min before the test doses. Between L and M, 
an interval of 112 min. 


irin (<1-3yg of active substance) administered 1 min later at C. The 
‘antagonism’ was only temporary and within 3 min of washing out the albumin 
the response to irin was almost fully restored at D. The same 50 ug dose of 
albumin at F and even 400g at N did not affect the acetylcholine responses 
at G and O respectively. Na ricinoleate contractions were less susceptible to 
the albumin effect than were irin contractions. Thus, 100g of albumin only 
slightly reduced the response at K, but 400yg of albumin did reduce the 


response to 50 ug of Na ricinoleate considerably, as is shown at S. At W 400g 
19 PHYSIO. OXLVI 
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of albumin virtually abolished the large response to = 4 mg of iris extract; 
this response was smaller than the contraction at Y to = 1 mg in the absence 
of albumin. In an experiment on a rat colon preparation (23-26° C) larger 
amounts of albumin (0-2-1 mg) were required to reduce irin contractions. 
These results suggest that irin would be ineffective if administered parenterally 
or into albuminous body fluids, such as the aqueous humour when plasmoid, 
unless it is given in such excess as first to saturate the binding capacity of the 
albumins. 
DISCUSSION 

The solubility of irin in various organic solvents, its behaviour on partition, 
and its Ry, all suggested that it might be some sort of lipid. The present results 
show that it is an unsaturated hydroxy-fatty acid, and that its activity is 
dependent upon the intactness not only of hydroxyl and carboxyl groups, but 
also of at least one double bond. It should be possib determine the exact 
location of the double bond(s) in irin by oxidative cleavage and chromato- 
graphic examination of the fission products. An attempt to do this with small 
quantities of irin on paper has been unsuccessful, but if much larger amounts 
of active material were used the more sensitive method of gas chromatography 
should yield the required information. 

The presence of a hydroxyl group in an unsaturated fatty acid is valuable in 
increasing its water-solubility. However, should the hydroxy-acid form a 
lactone, then the internal esterification of its polar OH and COOH groups, 
both of which render it soluble in water, would result in a completely non- 
polar molecule far less water-soluble. Such factors may affect the extraction 
of irin and have to be borne in mind when examining the behaviour of this 
substance under certain experimental conditions and also its diffusibility in 
tissues. [rin is obtained from the excised iris merely by grinding the tissue in 
10 vol. of neutral, or very slightly alkaline, distilled water at room temperature. 
This simple extraction procedure, adopted throughout the present work, avoids 
the disadvantages of other methods involving the use of heat, acids or alkalis, 
which might, for instance, change the chemical structure of an active substance 
normally present in the tissue; the possible conversion by alkali of semi-acetal 
to acetal phosphatidic acids (Vogt, 19574) is a case in point. 

It is possible that in the living tissue irin is present as an inert precursor, 
in which the pre-formed hydroxy-acid might be anchored either by its 
. hydroxyl group, through an ester linkage, or by its carboxyl group, through 
either an ester or a peptide link. The biosynthesis of such a precursor raises a 
number of interesting possibilities. Much is already known about the meta- 
bolism and formation of unsaturated acids in living tissues by the action of 
dehydrogenases upon the coenzyme A esters of saturated fatty acids (see Stern, 
del Campillo & Raw, 1956, reaction scheme on p. 972). Thus enzymes exist for 
the introduction of double bonds not only in the 9:10 but also in the «f posi- 
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tions, and it is thought that the enzyme crotonase may catalyse the isomeriza- 
tion of AaB to ABy acids. When the structure of irin is more fully established, 
further work should be directed towards discovering the enzyme(s) and 
co-factors concerned in the manufacture and release of this substance in the 
iris tissues. More certain knowledge of its structure should also help further 
investigations of the part played by irin in various antidromic and axon reflex 
phenomena which have been observed in the rabbit’s iris, and also in its 
reaction to injury. In these studies the fact that albumin interferes with the 
action of irin may be relevant; if irin is released in relatively protein-free 
tissue spaces, its action should be unhampered at first, but might later be 
curtailed by the onset of inflammatory processes and the appearance of plasma 
proteins in the tissue spaces. 

Infra-red spectra of ether-purified irin suggest that in acid it may form a 5-lac- 
tone and that if a double bond is present inside this lactone ring it can only occupy 
the By position. (The proximity of a double bond to the carboxyl group would 
raise the strength of such a fatty acid. According to Karrer (1946, p. 197) By-un- 
saturated acids are more strongly dissociated than Aaf- or Ayd-acids. Inside a 
lactone ring a double bond could have only the cis configuration. As shown in 
the diagram, each of its carbon atoms has two free valencies, one on either side 


H.. 


A 


of the plane of the double bond. Since the position of two of the valencies 
(marked A and B) is fixed by the lactone ring to one side of this plane, the 
hydrogen atoms satisfying the other two valencies (dotted) have to be in the 
cis position, on the other side of it. Nearly all the acids so far obtained from 
animal fats have the cis configuration.) All available types of lactone ring 
have therefore been tested for activity and this structure—action study has 
also served to exclude certain déuble-bond positions. We have seen that the 
inactivation of irin by iodine monobromide precludes «f-unsaturation; this 
receives corroboration from the fact that the three «f-unsaturated lactones in 
Table 2, including A«f-8-hexenolactone, did not have stimulant properties. 
Next, yd-unsaturation appears to be excluded by the fact that Ay6-8-hexeno- 
lactone was inactive. With regard to the possibility of By-unsaturation it is 
interesting that Py-angelicalactone potentiated irin, though incapable of 
eliciting contractions; it is, however, not a delta but a gamma-lactone. In fact, 
unsubstituted Py-unsaturated 5-lactones have never yet been synthesized ; the 
nearest approach to this type of structure is compound No. 6 in Table 2, which 
was inactive. This lactone, however, has a methyl! group on the B carbon atom, 


which would radically alter its properties. Several instances are _— in 
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which such f-methy] substitution in other By-unsaturated compounds (such as 
fatty acids or y-lactones) suppresses their reactivity, either in the addition 
reaction mentioned on p. 283, or as a substrate for the enzyme crotonase. 

It is perhaps significant that, whilst all the above lactones fail to stimulate, 
(+)-ricinoleic acid has fairly pronounced muscle-contracting properties on the 
hamster colon. The inactivation of (+)-ricinoleic acid by phenyl isocyanate 
and the fact that oleic acid is relatively inert, though differing from ricinoleic 
in respect of a single hydroxyl group, show again that this type of pharmaco- 
logical activity is OH-dependent. Although (+ )-ricinoleic acid bears sufficient 
resemblance to irin to affect probably the same receptors in the hamster colon, 
its activity is considerably weaker than that of irin, and that of iso-ricinoleic 
acid is weaker still. Thus, since positional rearrangement of the double-bond and 
OH groups in these fatty acids decreases their activity, it would appear that 
the exact spacing of these essential groups in the irin molecule is fairly critical. 


SUMMARY 


1. Rapid methods for the purification of irin, through ether, and for its 
assay on the hamster colon, are described. 

2. In pharmacological tests the action of irin was not reproduced by the 
sulphonate isethionic acid. 

3. Irin was not destroyed by alkaline phosphatase and could be distinguished 
from adenosine triphosphate by its pharmacological properties and from 
Darmstoff (a) by its high R, (0-9) on chromatography in ethyl methyl ketone- 
diethylamine-water (60:3:20), (b) by its lability in alkali, and (c) by failure to 
stain with fuchsin-sulphurous acid in the presence of HgCl,. 

4. In tests for NH, and NH groups electrophoretically purified irin failed 
to stain with ninhydrin or with ClO,-benzidine. In pharmacological tests 
various amino- and imino-acids were inactive, as well as some amphoteric 
purines. 

5. In benzene solution ether-purified irin gave rise to a fluorescence with 
Rhodamine B in the presence of uranium ions, which is characteristic of higher 
fatty acids. 

6. Smooth-muscle-contracting properties were not found in a survey which 
included several saturated, unsaturated and keto-fatty acids, a few dicarboxylic 
acids and some carboxylic steroids. 

7. A pink colour, which is given by hydroxy-fatty acids with sym dipheny]- 
carbazide, was obtained with irin purified through ether or by electrophoresis. 

8. As expected of a hydroxy-acid, irin was inactivated by phenyl iso- 
cyanate, a hydroxyl-binding reagent, and by W, N’-carbo-di-p-tolyl-imide, a 
carboxy!-binding reagent. 

9. Irin was inactivated by catalytic hydrogenation, by KMnO, and by IBr, 
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and is therefore unsaturated. The inactivation with IBr excludes an aB posi- 
tion for the double bond. 

10. A number of hydroxy-acids and lactones have been tested for spasmo- 
genic activity. Some interacted with irin, e.g. d-dodecalactone inhibited, whilst 
ABy-angelicalactone potentiated, irin. The only compound with strong muscle- 
contracting properties was (+-)-ricinoleic acid, which is also an unsaturated 
hydroxy-fatty acid (12-hydroxy-cis-octadec-9-enoic). Jso-ricinoleic acid and 
12:13-dihydroxyoleic acid were considerably weaker. 

11. Like irin, ricinoleic acid was inactivated by phenyl isocyanate. Oleic 
acid, which differs from ricinoleic only by the absence of the hydroxyl group 
on C12, was imactive. This type of activity is therefore OH-dependent. 

12. On the hamster colon ricinoleic acid was 6-18 times less active than 


_ irin, and differed from irin both in its stability in alkali at room temperature 


and in Ry. On the rabbit iris Na ricinoleate acted as a weak miotic. 


13. Crystallized bovine plasma albumin interfered with the action of irin 
on the hamster colon. 


I am indebted to Mrs M. Reynolds for valuable assistance, to Drs E. M. Crook, 8. P. Datta, 
C. Long, W. Vogt and V. P. Whittaker for much helpful discussion, and to Dr W. Feldberg for 
reading the manuscript. 


APPENDIX 
INFRA-RED SPECTRA OF IRIS EXTRACTS 
With E. M. BRADBURY* 

Fig. 14 shows the infra-red absorption spectrum of a film of irin (continuous line) ; superimposed 
are spectra of 5-dodecalactone and of ( + )-ricinoleic acid. The irin was a material concentrated 
some 2720 times by partition into ether after acidifying with HCl at pH 2-98 (point @ in Fig. 1), 
and by further re-extractions of the ethereal Type 3 residue once with acetone and twice with 
ether (see Table 1); in this experiment the time of exposure to HCl during the partition was not 
measured but was probably longer than usual, as separation of the phases had to be assisted by 
centrifugation (see Methods, p. 256). For the preparation of the film 86g of material (from 
= 236 mg of iris tissue) was dissolved in 0-85 ml. of ether and then applied drop-wise to a sheet 
of AgCl melt, forming, as the ether evaporated, a small circular spot of solid irin. The thickest 
part of this film was examined in an automatically recording double-beam infra-red micro- 
spectrometer, suitable for exceedingly small samples of this kind (Ford, Price, Seeds & Wilkinson, 
1958). 

We have seen that ether-purified irin gives a colour test (p. 269) of a hydroxy-fatty acid. In 
fact, when a scraping, taken after spectrography from this very specimen of irin, was dissolved in 
de Jalon’s fluid, it gave, with the sym diphenylcarbazide reagent, a strong pink colour appearing 
within 6 min; a parallel blank remained colourless. This implies the presence of a hydroxy-acid in 
the specimen. Yet the significant feature of its spectrum is that it does not suggest a hydroxy-acid, 
but alactone. Thus, theirin spectrum differs from that of ricinoleic, and resembles the dodecalactone 


spectrum in that the hydroxyl absorption at 3400-3500 cm~ is negligible and the broad 
‘carboxylic’ band at 2700-2500 cm- is virtually absent. Also, the carbonyl absorption of the 
irin is at 1740 om- as in the 8-dodecalactone, and not at 1710 cm- as in the ricinoleic acid. These 
results suggest the formation of a lactone by internal esterification of the -OH and -COOH 
groups of the hydroxy-acid, most probably when HCl was added for the partition of irin. HCl 


* Present address, Physics Research Department, King’s College, London, W.C.2 
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catalyses lactonization and it is known that the hydroxy-acids which form such cyclic internal 
esters most readily are those with the -OH group in the y- or 5-position; «-hydroxy-acids, for 
instance, show little natural tendency to form lactones. 

Carbonyl absorption. The 1740 cm- carbonyl band is characteristic not only of 5-lactones but 
also of esters and some cyclic lactams. Lactams, however, appear to be excluded both by the 
ClO,-benzidine test described above (Fig. 3) and by the fact that in the irin spectrum there is no 
significant absorption due to NH in the 3100-3500 cm~ region. Moreover, if the 1740 cm~ 
absorption of irin were due to its being an ester rather than a lactone, then we must look elsewhere 
in this spectrum for a charge which would account for the former acidic behaviour of this same 
batch of irin during its partition between water and ether. No evidence of such a charge can be 
found, as there is no absorption due either to carboxyl or to phosphate. Thus, the presence of a 
P-O-C linkage would give rise to an extremely strong and broad band at 1000-1030 cm~*, where 
irin absorbs very weakly, less, for instance, than the phosphate-free 5-dodecalactone in Fig. 14. 


3600 2340 1830 1545 1370 1242 1142 1068 1002 948 92 
Fig. 14. Infra-red absorption spectra of films of irin, —, of 8-dodecalactone, - - - -, and of ricinoleic 
acid,—-—-—: : for details see text. The height of the absorption at 2851 
graphic reduction is a notch barely visible on the trace, has been indicated by the horizontal 


arrows. 


This absorption is also insignificant when compared with that of a substance known to contain 
P-O-C- linkages. For instance, in a spectrum of sphingomyelin the absorption at 1030 cm— due 
to the two P-O-C linkages was almost equal in height to the absorption at 2851 cm! produced by 
the 37 methylene groups in the sphingomyelin molecule. 

In other spectra of irin purified by different methods, including Type 2 residues, the 1740 cm 
lactone band has been weaker and variable. There were, at the same time, additional hydroxylic 
(3400-3500 cm-*) and carboxylic bands (suggesting a hydroxy-acid), the latter at 2700-2500 cm=, 
at 1580 cm-* (RCOO-) and at 1710 cm~ (un-ionized RCOOH). Incidentally, the location of the 
RCOOH band at 1710 cm- excludes an «f-unsaturated acid, which would absorb slightly below 
1700 cm-. The virtual absence of all these bands in the present spectrum would therefore seem 
to be further evidence of almost complete lactonization in this particular specimen. It is clear, 
also, that in lactonized irin there is no second —OH group other than the one which disappears 
on lactonization. 

Lactones vary considerably in the exact location of their carbonyl absorption, according to their 
structure. Since in irin this band occurs at 1740 cm-', we may proceed to exclude the following 
possibilities, by making use of the data compiled by Bellamy (1958): (1) a lactide of an a-hydroxy 
acid, which would absorb at 1757-1767 cm~'; (2) a B-lactone (1820 cm-"); (3) a saturated y-lactone 
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(1760-1780 cm~*); (4) @ By-unsaturated y-lactone which, by virtue of its enol-lactone, vinyl, type 
of structure (CO—O—O=—=C) would absorb at about 1790 cm-" ; (5) a saturated ¢-lactone (1728 cm-; 
Rothman, Wall & Eddy, 1954). 

An af-unsaturated y-lactone would absorb at 1750 cm-' and is excluded both by the inactiva- 
tion of irin with LBr (p. 275) and by the absence in this spectrum of the large absorption which an 
a8 double bond, conjugated with carbonyl, would produce at 1600-1650 om-. 

These being excluded, we are left with a 3-lactone as the likeliest possibility. This can be_ 
saturated or unsaturated. Since irin is known to be unsaturated, we must consider what effect 
the presence of an endocyclic double bond, inside the lactone ring, would have upon the carbony! 
absorption. Of the three possible positions for such a double bond (Aaf, ABy, and Ay8) two can be 
excluded by this spectrum. Thus a Aaf-3-lactone would absorb at 1720 cm-! and would also show 
a strong absorption at 1600-1650 cm~ due to the effect of conjugation already mentioned. 
Likewise a Ayé-8-lactone, being an enol-lactone, would absorb at 1780-1800 cm-". If, therefore, 
the double bond is inside the lactone ring then the only position possible for it is ABy, i.e. A3:4. 
There are other features of this spectrum which would be not inconsistent with such a possibility. 
If, however, the double bond should be exocyclic to the 8-lactone ring, its first possible position 
could only be between carbon atoms Nos. 6 and 7 since a double bond between C5 and 6 (ASe) would 
give rise to a GO—-O—C=C vinyl sequence and therefore to absorption at 1780-1800 cm=" as in 
the enol-lactones. 

In summary, these results would appear to exclude the following double-bond positions: 
42:3; A4:5 and A5:6. This leaves either A3:4 (which would have to be cis; see p. 287) if the double 
bond is endocyclic, or A6:7 or beyond, if it is exocyclic. 

Methylene absorption. In the spectra of irin, ricinoleic acid and 5-dodecalactone there are 
absorption bands at 2851 cm-' and at 1460-1465 cm-', which are characteristic of methylene 
groups. Although there are 9 CH, groups in the dodecalactone molecule for every carbonyl, yet 
their collective absorption at 2851 cm~' is weaker than that due to the single carbonyl group at 
1740 cm-". Irin differs from dodecalactone in being a solid, and does in fact appear to have more 
methylene in it than dodecalactone, since its absorption at 2851 cm~ is very nearly equal to the 
absorption at 1740 cm~'; likewise, in ricinoleic acid (with 13 CH, groups to one carbonyl) the 
bands at 2851 ocm~* and at 1710 cm~ are approximately equal. 

Studies on long-chain paraffins have shown that the intensity of the CH, bands show a steady 
increment proportional to the number of methylene units in the chain (Bellamy, 1958, p. 18). 
By taking the ratios of the optical densities (0.p.=log J,/Z) at 2851 cm~* and at 1740 cm we 
can arrive at a very rough estimate of the number of methylene groups in this probably still 
somewhat impure sample of irin as follows: 

For dodecalactone, 

0.D. at 2851 


By = op. at 1740 
representing a known ratio of 9 CH, : 1 CO groups. 
2851 9456 
0.D. at em~ 
Ra = op. at 1740 cm) 
0-9456 
Ratio for irin x? 06033 


= 14-11 methylene groups. 


This would make irin into a C,, acid, whereas an even-numbered acid (say C,,) is more likely. 
However, the molecular extinction coefficient for the carbonyl absorption can vary by at least 
10%. Thus in simple saturated esters it can range from 569 to 610 and in fatty acids between 502 
and 564 (Bellamy, 1958, pp. 180 and 170). With these limits in mind, it is interesting to note that in 
ricinoleic acid the bands at 2851 cm-! and at 1710 cm- are equal and that their optical density 
ratio was 0-9742, which is close to that found above for irin. 
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Methyl absorption. Both irin and $-dodecalactone absorb at 1375-1380 cm", a band charac- 
teristic of CH, groups. The following calculation suggests that there is probably only one methy! 
group in irin. 

For dodecalactone 

0.D. at 1380 cm~* 
By at 1740 om 


representing a known ratio of 1 CH, : 1 CO groups. 
For irin, 


= 00-2456, 


o.D. at 1380 cm-* 2792 


CH R, 0-2792 

Other bands. The dodecalectone spectrum shows absorptions at 1242, 1175, 1122, 1075 and 
1048 cm-', attributable to its lactone group. In the irin spectrum the first and strongest of these 
bands appears to be shifted to 1280 cm-" (some esters aro known to absorb as high as this), and 
the remaining bands (at 1170-1042) coincide in location, but not in intensity, with those of 
dodecalactone; the weak band at 968 cm~' is present in some lactones. 

The absorption due to isolated double bonds is usually weak in non-conjugated compounds 
(Bellamy, 1958, chapter 3), and occurs most frequently within the range 1680-1620 cm-, although 
in some unsaturated steroids it can be found as low as 1590 cm"; cis isomers absorb 20 cm- 
lower than trans. The weakness of the double-bond absorption is clearly seen in the spectrum of 
the unsaturated (cis) ricinoleic acid, where it appears to be lost in the falling phase of the 1710 cm— 
band. The same applies to the irin spectrum in which the double-bond absorption could be either 
of the small humps at 1660 or at 1600 cm-!. The weakness of these absorptions would appear to 
exclude the presence of a conjugated system of double bonds in the irin molecule. 

The large 1410 cm- band of ricinoleic acid is due to the seven CH, groups which adjoin the terminal 
carbonyl group. In dodecalactone there would be only three such methylene groups (inside the 
lactone ring); the 1410 cm~* band appears to have shifted as in some steroids (Bellamy, 1958, 
p. 23) and is seen as the hump marked by an asterisk at 1440 cm-'. Neither the 1410 cm- band 
nor the 1440 cm~ hump is discernible in the irin spectrum, which suggests fewer methylene 
groups adjoining carbonyl than even in dodecalactone. This may be a hint that the double 
bond in irin is endocyclic, which would leave only a solitary CH, group inside the lactone ring. 

The absorption at 1340 cm~ in the dodecalactone and ricinoleic spectra is probably due to 
their —CH group. In irin this band is either lost in the rising phase of the 1280 cm band or is 
absent; this could perhaps be due to the effect of a nearly double bond. 

We are indebted to Dr L. J. Bellamy, Ministry of Supply, to Mr J. F. Grove and Dr L. A. 
Duncanson, I.C.I. Akers Research Laboratory, Welwyn, for much useful advice on the interpreta- 


tion of these spectra, and to Miss Paula Wood and Mrs 8. M. Beech for preparing some of the irin 
specimens. 
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THE INCREASE IN OXYGEN CONSUMPTION OF 
THE LAMB AFTER BIRTH 


By G. 8. DAWES anv JOAN C. MOTT 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 10 October 1958) 


The purpose of this paper is to describe experiments on the change in 0, 
consumption which takes place in lambs at birth. But before considering the 
evidence, it is necessary to be sure that the methods used for measuring foetal 
O, consumption are reliable. 

In a previous paper (Acheson, Dawes & Mott, 1957) we concluded that in 
mature foetal lambs the rate of O, consumption decreased when the umbilical 
arterial O, saturation fell below 35%. There was rather a wide scatter in 
successive estimations of O, consumption (calculated by multiplying umbilical] 
blood flow by the arteriovenous O, difference) even in what we believed to be 
a steady state. Reconsideration of the available data, and particularly of 
Fig. 2 of the previous paper, suggested that the figure of 35°, might be an 
underestimate, and that O, consumption might sometimes be reduced at an 
even higher umbilical arterial 0, saturation. It is obviously important to get 
as good a measure as possible of this figure. 

Among the possible causes of the variation in successive estimations of O, 
consumption are the anaesthetic, the method of measuring umbilical blood 
flow and the method of causing partial anoxia. In previous experiments we 
had used pentobarbitone as the anaesthetic; this is not entirely satisfactory, 
because repeated intravenous injections are required at intervals of an hour or 
less, or a slow intravenous infusion is necessary to maintain anaesthesia, and 
adjustment of the rate of infusion is not always ideal. It seemed worth while 
to try chloralose as an anaesthetic in place of pentobarbitone. The rate of 
umbilical blood flow had been measured by a venous occlusion plethysmo- 
graph, using a modification of the system first described by Cooper & Green- 
field (1949). Dynamic calibration in vitro had shown, in their hands as in ours, 
an error which varied from +5%% to + 15% (Cooper, Greenfield & Huggett, 
1949). Successive estimations of umbilical blood flow at minute intervals 
in vivo also showed large variations with this instrument, even when the 
arterial blood pressure, heart rate and arterial O, saturation were constant. 
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A more direct method of measuring umbilical blood flow was clearly required. 
The velodyne flowmeter was designed for this purpose, to be inserted into the 
abdominal umbilical vein (and is described in an appendix to this paper). 
In the previous experiments partial anoxia was caused by giving the ewe a 
low O,:N, mixture to breathe. This caused a fall in foetal arterial O, saturation 
because the maternal O, saturation was reduced. There was also the possibility 
that maternal uterine blood flow might alter during the experimental proce- 
dure and so put the foetus into an unsteady state. Now one property of the 
velodyne flowmeter is that it can be used, at the turn of a switch, to pump 
blood at any desired volume flow rate. We therefore resolved to cause foetal 
anoxia by artificially reducing umbilical blood flow, say to one quarter of the 
normal flow rate. 

The first part of this paper analyses some of the sources of error encountered 
in using a venous occlusion plethysmograph for measuring umbilical blood 
flow, and compares the performance of this instrument with that of a velodyne 
flowmeter in vivo. This is followed by an account of the changes in O, con- 
sumption during anoxia in foetal lambs under chloralose anaesthesia, using a 
velodyne flowmeter. Finally, we have compared the oxygen consumption of 
anaesthetized foetal lambs with that of anaesthetized new-born lambs and 
adult sheep. There is a very large increase in O, consumption at birth, 
amounting to as much as threefold. A preliminary account of these obser- 
vations has been given elsewhere (Dawes & Mott, 1958). 


METHODS 


Foetal O, consumption. O, consumption was measured in ten lambs of 135-146 days gestation 

age and in five lambs of 85-90 days gestation age. Clun-Hampshire ewes were anaesthetized with 
chloralose 50-70 mg/kg intravenously, while lying on the side; the trachea was cannulated. The 
foetus was delivered by Caesarean section and kept warm, still attached to the ewe by the 
umbilical cord. 
- Blood samples (0-8 ml.) were withdrawn simultaneously from catheters in a femoral artery and 
from the umbilical vein. They were analysed for their CO, content, O, content and capacity by a 
modification of the Barcroft-Haldane method, using Warburg manometers (Born, Dawes & Mott, 
1955). O, consumption was calculated by multiplying umbilical blood flow by the arteriovenous 
oxygen difference, under steady conditions as judged by measurements of flow, systemic arterial 
pressure and O, saturation. Blood pit was masswred by a glass electrode and pH meter, and the 
pCO, was calculated from the Hend I Ibalch equation. Blood lactate was measured by 
Barker & Summerson’s (1941) method. Mean blood pressure was measured with a condenser 
manometer from a systemic artery. The pulse wave was used to actuate a heart rate meter (Wyatt, 
1956, 1957). Both blood pressure and heart rate were recorded on the Cambridge Instrument Co. 
Slow Recorder. The foetal abdomen was opened to the left of the mid line, and the incision extended 
across the mid line so as to expose the abdominal portion of the umbilical vein. Heparin (10 mg/ 
kg) was injected intravenously into the foetus, and a velodyne flowmeter (see appendix) was 
introduced between the two cut ends of the umbilical vein, using the procedure described by 
Dawes, Mott & Rennick (1956) so as to reduce the period of interruption of umbilical flow. 

In three experiments the velodyne flowmeter was introduced into the umbilical vein after the 
lamb had been placed in a plethysmograph at 40° C. The tubes connected to the cut ends of the 
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O, consumption in new-born lambs and adult sheep. Most of these observations were made under 
chloralose anaesthesia using the apparatus described by Cross, Dawes & Mott (1959). This is 
essentially @ closed circuit containing soda-lime and attached to a spirometer; oxygen is admitted 
as required to keep the O, content of the system at any desired level, in this instance in excess of 
21%. Other observations were made on animals anaesthetized with either Dial Liquid Compound 
(Ciba; diallylbarbituric acid 0-1 g, urethane 0-4 g/ml.; dose 0-2-0-35 ml./kg intravenously) or 
pentobarbitone as described previously (Dawes, Mott & Widdicombe, 1954; Acheson et al. 1957). 
Most lambs were born naturally. Others, delivered by Caesarean section under local or general 
anaesthesia, were used within 12 hr of delivery. The rectal temperatures of the lambs were 38-5— 
40° C, usually above 39°C; they were not shivering, and were judged to be at their neutral 
temperature (at which O, consumption is minimal). 

The surface area of lambs and sheep was measured in the following way. The skin of the sheep, 
including the ears and tail, was removed and laid flat upon a large sheet of paper. The outline was 
traced, and later transferred to a clean dry sheet of paper, of known weight per unit area, which 
was weighed. 

RESULTS 


A comparison of the velodyne flowmeter and the venous 
occlusion plethysmograph 
In three mature foetal lambs umbilical blood flow was measured both by 
the venous occlusion plethysmograph and by the velodyne flowmeter. The 
lamb was immersed in the plethysmograph, and the two cut ends of its 
abdominal umbilical vein were connected to stiff rubber tubes, which emerged 
through the slot in the Perspex lid of the plethysmograph (through which the 
umbilical cord also passed) to join the inlet and outlet of the velodyne flow- 
meter. The rate of flow measured by the velodyne flowmeter was recorded on 
a Cambridge Instrument Co. Slow Recorder once every 6 sec. At intervals 
of 1-2 min blood flow was arrested by occluding the veins, and the rate 
of flow was calculated from the rate of decrease of foetal volume. This 
measurement was plotted against that recorded by the velodyne flowmeter 
immediately before occlusion of the umbilical veins. Fig. 1 shows observations 
of this type from two lambs, in one of which the umbilical vein was occluded 
within its abdominal section (@), by clamping the rubber tube leading to the 
flowmeter. In the other lamb the umbilical veins were separated in the cord 
before entering the plethysmograph, and occluded by a thread held against the 
fingers (©) as well as by the previous method (@), alternately. During 
the experiments the rate of umbilical blood flow declined spontaneously, 
and this enabled a comparison to be made of the various methods at different 
flow rates. 
In all experiments the rate of flow measured by the venous occlusion plethys- 
mograph was less than that recorded by the velodyne flowmeter, and Fig. 1 
suggests that the discrepancy was a fixed volume, rather than a fixed propor- 


a umbilical vein emerged from the plethysmograph through the same hole as did the umbilical cord. q 
a In this way it proved possible to make a direct comparison of measurements of umbilical blood 

' flow between the velodyne flowmeter and the venous occlusion method (as modified by Dawes 4 
: et al. 1956 from Cooper & Greenfield, 1949). | 
a 

: 
p 4 
e 
d | 

a 

d 

1, 

ie 


298 G. 8. DAWES AND JOAN C. MOTT 


tion of that recorded. The velodyne flowmeter is in principle an absolute 
method of measuring blood flow, with a linear calibration. The error was 
therefore probably in the use of the venous occlusion plethysmograph, and 
the systematic variation in results obtained when the umbilical vein was 
occluded in its intra- or extra-abdominal course directed attention to this 
point. It was not practicable to occlude the vein exactly at the point at which 
it passed below the level of the saline in the plethysmograph, and there is 
little doubt that this was the chief source of the error. 


= 


~ 


Umbilical flow by venous occlusion plethysmograph (ml./min) 
~ 


i l L i 
100 200 300 400 500 600 
Umbilical flow by velodyne flowmeter (ml./min) 


Fig. 1. Results of experiments on two lambs in which the venous occlusion plethysmograph was 
compared with the velodyne flowmeter. The common abdominal vein was occluded within 
the plethysmograph (@, (}) or both umbilical veins were separated from the arteries in the 
cord and occluded outside the plethysmograph (0). 


When the umbilical veins are occluded outside the plethysmograph, as they 
lie in the cord, they do not collapse instantly, but drain into the plethysmo- 
graph over a period of, perhaps, a second. During this period the rate of 
decrease of volume of the plethysmograph is less than the rate of umbilical 
blood flow. When the common umbilical vein is occluded in its intra-abdominal 
course, its placental end swells because blood is being dammed up within the 
placenta, and, once again, since part of this swelling takes place within the 
plethysmograph, the rate of decrease of volume is less than the rate of 
umbilical blood flow. 
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In order to appreciate the magnitude and variations of this phenomenon it 
is necessary to have recourse to a model experiment. We used the plethysmo- 
graph and volume recorder employed in the previous experiments. The 
plethysmograph was filled with water; this was pumped out of it through a 
stiff rubber tube by a roller pump, and returned to it again by another stiff 
tube (Fig. 2). A T-piece connected the latter to a flexible bag (representing 
the placenta). Occlusion of the return tube (at A) caused a fall of plethysmo- 
graph volume and accumulation of water in the flexible bag 


4 

4a 
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Fig. 2. Diagram of apparatus used in a model experiment to test the venous occlusion plethysmo- 
graph. The pump represents the foetal heart, but pumps at uniform rate; a distensible bag 
represents the placenta. The ‘umbilical vein’ was occluded at A, and a short piece of elastic 
tubing was introduced at B. 


Rigid tube Collapsible tube 
A 
“+12 
O14 sec 0-48 sec mi. 
1 sec 
B D 12 
0-14 ¥ 0-32 sec 
sec ah ml ‘ 
1 sec 


Fig. 3. Records of changes in plethysmograph volume obtained during model experiments, A and 
B with a rigid tube, ( and D with a collapsible tube between the point of occlusion and the 
plethysmograph. 


The rate of flow was adjusted to 330 ml./min as measured by the rate of 
revolution of the roller pump, and measurements with the venous occlusion 
plethysmograph gave values of 340 and 330 ml./min (Fig. 34 and B). The 
pressure in the system was measured with a condenser manometer Just 
proximal to the point of occlusion, and an abrupt deflexion in this tracing 
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indicated the instant of occlusion (marked in Fig. 3 by an arrow). There was a 
delay of 0-14 sec before the plethysmograph volume recorder started to move, 
which was in part due to the air transmission employed. Now a short length 
of thin collapsible rubber tube (2-4 ml. in volume when distended) was intro- 
duced at B (Fig. 2) between the point of occlusion and the plethysmograph, 
to represent the umbilical vein. The resistance to return flow to the plethysmo- 
graph was low, and water flowed from the collapsible tube after occlusion at 
the same rate as it had done before (Fig. 3C). Consequently, the rate of fall 
of plethysmograph volume was linear, at 340 ml./min, but only began 0-48 sec 
after occlusion. When the resistance to return flow into the plethysmograph 
was increased (Fig. 3D), the fall of plethysmograph volume began earlier but 
the rate of fall was no longer linear. Over the first second it fell at a rate 
estimated at 250 ml./min. At the end of this time, when the collapsible tube 
had emptied, there was a change in the slope of the plethysmograph volume 
record, and the estimated flow thereafter was 330 ml./min. Calculation shows 
that these observations are in accord with what would be expected from a 
volume of 2-4 ml. draining in a period of up to | sec. 

This model experiment demonstrated that if venous occlusion is not 
performed exactly at the entry of the plethysmograph, and if a variable 
length of umbilical vein is allowed either to drain into the plethysmograph 
or to swell inside it, there may be either a delay in recording a change of 
volume, or an initial low estimate of flow, or both. Comparatively small 
volumes of fluid draining into the plethysmograph during the first second after 
venous occlusion can cause gross errors in flow measurement (24% in this 
instance). 

The next point to be considered is what happens to umbilical blood flow 
during the first second of venous occlusion. We have re-examined the hundreds 
of records which were made during the course of previous experiments with 
venous occlusion plethysmographs (Dawes et al. 1956; Born et al. 1956; 
Acheson et al. 1957), in which pressure was measured from a carotid artery. 
The systemic arterial pressure fell perceptibly by the end of the first second of 
occlusion, practically without exception. At the same time the umbilical 
venous pressure rose, as blood accumulated in the placenta, so that at the end 
of 1 sec the mean arteriovenous pressure difference across the placenta dropped 
by 10-25%. Even during the initial period of venous occlusion it seems almost 
inevitable that umbilical blood flow must decrease in proportion to the decrease 
of umbilical arteriovenous pressure difference. No direct measurements of 
umbilical arterial flow during the first second of occlusion are yet available, 
but it seems improbable that umbilical vascular resistance can change over 
this period of time. The rate of decrease of foetal volume is linear over the first 
second, but it is precisely over this period that the error due to occlusion of the 
umbilical vein at a point other than that at which it enters the plethysmograph 
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is greatest. The linearity of the rate of decrease of foetal volume during the 
first, 1-2 sec after occlusion cannot therefore be taken as an index of reliability 
when calculating umbilical flow by the venous occlusion plethysmograph 
method. 

The following experiments were performed with the velodyne flowmeter 
only. 

Anoxia caused by reducing umbilical blood flow. In ten mature foetal lambs 
(135-146 days gestation age) umbilical flow as measured by the velodyne 


mm Hg 


mi./kg/min 


Minutes 


Fig. 4. Foetal lamb, 142 days gestation age, 4-8 kg. Umbilical flow was measured with the 
velodyne flowmeter, and was mechanically reduced during the period indicated by the 
stippled area. This caused a fall in 0, consumption and pH, and a rise in blood lactate and 
pOd,. 


flowmeter was a mean of 104 ml./kg/min (range 81-138). Umbilical flow was 
reduced in these lambs on eleven occasions, by altering the control circuit so 
that the roller pump delivered from one half to one sixth of its initial output, 
for a period of 7-23 min. This change was usually made in one step, but some- 
times in two steps (as in Fig. 4) or more. At the end of this period the control 


circuit was returned to its original condition, so as to measure spontaneous 
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flow. Umbilical blood flow always declined slightly during the initial control 
period, and never regained its original level after the period of reduced flow. 
When umbilical blood flow was reduced, there was a small fall of blood pressure 
and rise of heart rate in all but one experiment. A ste geprress 00% is shown 
in Fig. 4 

During the period of reduced flow the oxygen saturation of the umbilical 
venous blood was unchanged, but that in the umbilical (femoral) arterial blood 


fell considerably. The umbilical arteriovenous oxygen difference therefore — 


increased, but proportionately less than the decrease in flow. Oxygen con- 
sumption therefore diminished (Fig. 4). The observations from all the lambs 
are depicted in Fig. 5a, in which oxygen consumption (in ml./kg/min) has 
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Fig. 5. The rate of 0, consumption/kg body weight has been plotted (a) for the observations 
recorded in this paper, using the velodyne flowmeter and chloralose anaesthesia (@); and 
(6) for the observations of Acheson, Dawes & Mott (1957) using the venous occlusion 
plethysmograph and pentobarbitone anaesthesia (0). 


been plotted against umbilical arterial O, saturation. The mean oxygen con- 
sumption at an arterial saturation of 40-50%, was 3-42 + 0-18 (s.z.m.), whereas 
that at an arterial saturation > 50°, was 4-16 + 0-20. The difference between 
these means is highly significant (P < 0-01). The mean 0, consumption at an 
arterial saturation of 45-50% was 3:44+0-22; this is significantly different 
from 4-16 + 0-20 (P < 0-05). We may therefore conclude that 0, consumption 
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is decreased when the arterial O, saturation falls below 50°%,. It is not easy to 
give a precise figure for the umbilical blood flow at this level of 0, saturation; 
it was about 50-70 ml./kg/min. 

On six occasions we took simultaneous carotid and umbilical (femoral) 
arterial blood samples. At all times the carotid blood had a higher arterial 
O, percentage saturation than did that in the umbilical artery, the difference 
ranging from 5 to 12% before anoxia. When umbilical blood flow was reduced, 
and oxygen consumption fell, this difference often decreased. In two experi- 
ments blood samples were taken from the lower end of the inferior vena cava 
from a catheter introduced through a femoral vein. In both experiments 
oxygen consumption was nearly halved during anoxia; the lowest venous 
oxygen saturations were 23 and 9%. 

In six experiments blood pH was measured, and in five the CO, content. The 

initial pH covered a wide range, from 7-2 to 7-5. It always fell during anoxia, 
by 0-05-0-15 pH units. The initial CO, content was 39-56 ml./100 ml. In three 
experiments it increased by 3-8 ml./100 ml.; in two experiments it was not 
significantly changed. The initial pCO, was 30-44 mm Hg. It rose during 
anoxia by 8-15 mm Hg. The initial blood lactate was 31-35 mg/100 ml. in 
three lambs. It rose during anoxia and, in each lamb, for a short while there- 
after (Fig. 4). The resting level was not regained 30 min later. These changes 
are what might be expected in partial asphyxia, during which anaerobic 
glycolysis may occur. On ten occasions in three lambs blood samples were 
withdrawn simultaneously from the femoral artery and umbilical vein; their 
lactate content was not significantly different. Seer : 
_ Changes in O, consumption after birth. The 0, consumption (per kg body 
weight) of foetal lambs did not alter significantly during the last half of 
gestation, whichever method of measuring umbilical flow was used (Fig. 6). 
We remarked in a previous paper (Acheson et al. 1957) that the 0, consump- 
tion of anaesthetized lambs more than 12 hr old greatly exceeded the foetal 
level, though the O, consumption of newly delivered lambs, artificially venti- 
lated and kept in a bath at 38° C was not much greater than that of foetuses. 
We have now measured the oxygen consumption of anaesthetized new-born 
lambs breathing spontaneously, from 0°to 60 days of age, and also of adult 
sheep. All these measurements were made at the neutral temperature; that 
is to say in the absence of shivering and when the 0, consumption of the well 
oxygenated animal was minimal, at a rectal temperature of 39-40-5° C. The 
results are shown in Fig. 6, which demonstrates that an approximately three- 
fold increase in 0, consumption took place, certainly within 2 days, and 
often within 6 hr of birth; thereafter there was a gradual decline in O, con- 
sumption until adult levels were reached. 

Since the metabolic rate, and hence the 0, consumption, of a homoeotherm 

is related to its size and shape, and since a lamb is roughly only one ep of 
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the weight of an adult sheep, the surface areas of a number of lambs and adult 
sheep were measured. The relation between surface area and weight (Fig. 7) 
accords reasonably well with the equation deduced by Ritzmann & Colovos 
(1930) from their observations on New Hampshire sheep (dotted line). In 
Fig. 8 the oxygen consumption of lambs less than 1 day old (filled circles) 
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Gestation age (days) Birth Days post-partum 
Fig. 6. Observations on the resting 0, consumption/kg body weight for foetal lambs using the 
velodyne flowmeter and chloralose (™), the venous occlusion plethysmograph and pento- 
barbitone (A) or the density flowmeter and pentobarbitone (©); on lambs delivered by 
Caesarean section, artificially ventilated under dial-urethane (@) or pentobarbitone (@), or 
breathing spontaneously under chioralose (©); on lambs delivered naturally, artificially 
ventilated under pentobarbitone (@) or breathing spontaneously under chloralose (@); 
and on adult sheep breathing spontaneously under chloralose (@). The unconventional time 
scales for the foetal and post-natal periods have been chosen so as to demonstrate the rapid 
increase in 0, consumption after birth, ‘ 
and of older lambs and adult sheep (open circles) has been plotted against 
surface area. Most of the lambs have an oxygen consumption, per unit surface 
area, which falls within the range of that observed in adult sheep (denoted by 
the radiating lines in Fig. 8). The only lambs which fell below this range were 
less than 1 day old. They had not yet achieved the full neonatal metabolic 
rate, and they were unable to maintain their body temperature at the normal 
evel for a strong healthy new-born lamb (39° C or above) unless they were 
able to walk about, or unless they shivered or were maintained at an environ- 
mental temperature considerably above 18-21° C (which was normal for the 
laboratory). 
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Fig. 7. The surface area of new-born lambs and adult sheep has been plotted against the body 
weight. The dotted line has been plotted from the equation: 


surface area = 0-124 x (weight)**** 
obtained by Ritzmann & Colovos (1930) on 115 New Hampshire sheep. ; 
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Fig. 8. The absolute 0, consumption has been plotted against the surface area for lambs < hes 4 
old (@) and for older lambs and adult sheep (O). 


DISCUSSION 


The venous occlusion plethysmograph 
The results have shown some of the difficulties in using a venous occlusion 
plethysmograph for measuring umbilical blood flow in the foetus. We do not 
in any way imply that, in this application, the principle is at fault. If the 
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umbilical vein is compressed at the point of entry into the plethysmograph, the 
rate of decrease of foetal volume should indicate the rate of umbilical blood 
flow. Yet it is worth while to emphasize one difference between this and other 
applications of the instrument, say, to measurement of forearm flow in man. 
In the foetus the greater part of the combined output of both ventricles flows 
to the placenta. When the umbilical vein is occluded, therefore, not only does 
venous pressure rapidly increase, but arterial pressure soon begins to fall, 
often within a few heart beats. In these circumstances it is particularly 
necessary to obtain an accurate estimate of the rate of umbilical flow within 
the first second. This is the part of the record most likely to be distorted if the 
inertia of the volume recorder is excessive, or if the umbilical vein is occluded 
elsewhere than at the point of entry into the plethysmograph. The net result 
in either event will be an underestimate of flow. 

The measurements of umbilical flow in mature foetal lambs with the venous 
occlusion plethysmograph have actually given a higher figure, about 130 ml./ 
kg/min (Cooper et al. 1949; Acheson et al. 1957), than the mean observed in 
the present paper with the velodyne flowmeter (104 ml./kg/min). This dif- 
ference may be attributed to the fact that it was necessary to interrupt 
umbilical flow, after heparinizing the lamb, in order to introduce the velodyne 
flowmeter into the abdominal umbilical vein. And it will be seen that um- 
bilical flow gradually decreased during the experiment thereafter (Fig. 4). 
This would suggest that some progressive change was taking place in the 
foetus or placenta, as a result of the administration of heparin and/or anoxia. 
However, the velodyne flowmeter has the advantage that it measures flow 
directly, and is therefore the instrument of choice when calculating O, 
consumption. 

: O, consumption in the foetal lamb 

It is interesting to compare the present results with those which we obtained 
previously, using pentobarbitone with the venous occlusion plethysmograph 
and giving the ewe low oxygen mixtures to breathe (Acheson et al. 1957). In 
order to bring out the comparison, we have replotted the previous data in 
Fig. 56. It will be seen that the scatter between observations is less when 
using chloralose and the velodyne flowmeter (Fig. 5a), which is why it is now 
possible to conclude that the oxygen consumption is reduced when the arterial 
O, saturation is below 50%, whereas before we felt unable t&put the figure 
above 35%. The data suggest that, at an arterial O, saturation above 50%, the 
O, consumption of an anaesthetized mature foetal lamb is 4-5 ml./kg/min. 

This figure is to be compared with estimates of previous workers. Barcroft, 
Kennedy & Mason (1940) arrived at a figure of 4-8+0-6 (s.8.m.) ml./kg/min 
based on observations in seven lambs, in which the rate of decline of carotid 
oxygen content was observed after ligation of the umbilical cord; the decre- 
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ment per minute was multiplied by the estimated blood volume. Barcroft & 
Torrens (1946) and Barcroft & Elsden (1946) measured the cardiac output of 
three mature foetal lambs with a cardiometer, added 15 % for coronary flow, 
assumed that half went through the placenta and hence calculated an oxygen 
consumption of 3-9-6-6 (mean 5-3) ml./kg/min. These methods were indirect, 
and the arterial O, saturations were not recorded. Dawes e al. (1954) 
_ measured umbilical flow directly with a density flowmeter (by the method 
described by Dawes et al. 1956) and in four lambs whose umbilical arterial O, 
saturation was 48-68 %, obtained a mean figure for foetal oxygen consumption 
of 3-8 + 0-4 ml./kg/min. Twelve mature lambs delivered by Caesarean section 
were artificially ventilated after tying the cord and oxygen consumption was 
measured either with a closed circuit filled with oxygen, containing soda-lime 
and connected to a spirometer, or by sampling the expired gas while breathing 
air. It came to a mean of 4-5+0-3 ml./kg/min (Acheson et al. 1957). This 
evidence has been rehearsed at some length in order to justify the conclusion 
that oxygen consumption really does increase after birth, as is shown in Fig. 6. 
Finally, it may be asked whether the foetal lamb, in addition to using 
4-5 ml. O,/kg/min, also derives energy by anaerobic glycolysis even when the 
umbilical arterial O, saturation exceeds 50%. If it were to obtain energy in 
this way, the end products, pyruvate or lactate, might be removed by the 
placenta. Yet there was little difference between the pyruvate and lactate 
content of the umbilical artery and vein either in Barker & Britton’s (1958) 
experiments or in ours. Moreover, as stated above, the O, consumption of 
lambs newly delivered by Caesarean section, and artificially ventilated, is no 
greater than the 0, consumption of foetal lambs. It therefore seems reason- 
able to take the O, consumption of the foetal lamb as a measure of its meta- 
bolic rate. 
O, consumption in the new-born lamb 
The increase of oxygen consumption after birth presents us with two 
questions: ‘Why does it happen?’ and ‘ How is it effected?’ To the first question 
we have already proposed an answer. The metabolic rate of a homoeotherm is 
directly related to its surface area. A lamb of 5 kg has a surface area of about 
0-3 m*; a sheep of 50 kg has a surface area of about 1-0 m? (Fig. 7). The 
surface area of a lamb per unit body weight is therefore three times that of an 
adult sheep, and therefore if a foetal lamb has the same oxygen consumption 
per kilogram as its mother, it must increase by at least threefold at birth if 
body temperature is to be maintained. This figure agrees surprisingly well with 
the increase which has been observed. There are two other points which must 
be mentioned. First, the respiratory quotient; we do not know what this is, 
in either the foetal or the new-born lamb, but the change in the calorific value 
of oxygen when the 2.9. falls from 1-0 to 0-7 is trivial compared with the 
increase in O, consumption observed after birth. Secondly, the assumption 
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that the metabolic rate is proportional to surface area in a homoeotherm under 
given environmental conditions should only hold if the thermal insulation is 
identical. It seems likely that the thick wool of an adult sheep would be a 
much more effective insulating material than the thin coat of a new-born lamb. 
If this is true the anticipated increase in metabolic rate at birth should be even 
greater. More evidence on this point is required and until that is available we 
would not put too much weight on the fact that the ratio between lambs and 
sheep of ‘surface area per unit weight’ is similar to the relative increase in O, 
consumption after birth. 
The second question to be answered is how the increase in resting O, 
consumption is effected, in an anaesthetized new-born lamb at the neutral 
temperature and in the absence of perceptible shivering. From what has 
already been said it is likely that the change in environmental temperature at 
birth may prove to be of predominant importance. When a lamb is born 
naturally its rectal temperature falls several degrees Centigrade, and the lamb 
begins to shiver. Within an hour or two its temperature is above 39° C and 
shivering has ceased. There are other aspects of this problem. We have observed 
an oxygen consumption in excess of 10-8 ml./kg/min in four lambs less than 
12 hr after natural birth, of which two were only 4-5 br old. Lambs kept 
warm and ventilated artificially for 2~3 hr after delivery by Caesarean section 
had a mean O, consumption of only 4-5 ml./kg/min, which is not significantly 
different from that of the foetus, even though their blood was well oxygenated. 
Other lambs, delivered naturally, breathing spontaneously and unwarmed, 
had an O, consumption varying from 6 ml./kg/min upwards. Since all these 
lambs were adequately ventilated, it seems unlikely that the increase in 
the arterial oxygen tension at birth is a principal factor. Also, the increase 
is so rapid in some lambs that it is improbable that the thyroid is involved 
initially. All the lambs with a high O, consumption (10 ml./kg/min or more 
within the first two days after birth) had been suckled. It is therefore possible 
that the activity of the gastro-intestinal tract and the specific dynamic action 
of protein may have contributed towards the increase in O, consumption. The 
work of breathing may also be taken into account, but can hardly play any 
considerable part; in each of four lambs born naturally and 12 hr-3 days old 
O, consumption exceeded 11-5 ml./kg/min even during artificial ventilation. 
Part of the increase may be due to increased muscle tone. Thus other experi- 
ments have shown that during anoxia there is a proportionately greater fall 
of oxygen consumption in the hind quarters than in the whole lamb (Cross 
et al. 1958). It is unlikely that this would have taken place in skin and bone, 
rather than in muscle. Finally, we may have to consider the calorifacient 
activity of sympathetic amines. On the evidence at present available we 
cannot yet decide between these various possibilities. 

Finally, we must consider whether this phenomenon occurs in other species. 
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Barcroft, Flexner & McClurkin (1934) measured the output of the heart in 
six foetal goats with a cardiometer. Hence, they arrived at an indirect and 
very approximate estimate of foetal 0, consumption, and it is notable that the 
arterial O, content of their animals was very low. They concluded that 0, 
consumption increased in the goat at birth. Otherwise we are hampered by 
the fact that measurements of foetal 0, consumption are not available, and 
we can only draw inferences from observations after birth. Mount (1958) 
recorded a 50%, increase in O, consumption in the new-born pig during the 
first day of life. It is possible that this is a manifestation of the same pheno- 
menon. Cross, Tizard & Trythall (1957) found a small increase in the O, 
consumption of new-born babies, but it is not known whether these were at 
the neutral temperature. In the rat, which like the premature infant does not 
maintain its body temperature very well at birth, the evidence is inconclusive 
(Adolph, 1957). It is evident, therefore, that if this phenomenon occurs in 
other species, it will have to be established by experiments specifically designed 
for the purpose. 
SUMMARY 

1. The velodyne flowmeter, consisting of a roller-pump driven by a velo- 
dyne motor generator, whose speed of rotation is governed by the pressure 
difference across the pump, is described in an appendix. It was used to provide 
a direct measure of blood flow, when connected between the two cut ends of the 
abdominal umbilical vein, with no fall in mean pressure between the two cut 
ends. 

2. Umbilical blood flow was measured in foetal lambs. The venous occlusion 
plethysmograph gave an underestimate of flow, the causes of which were 
examined, 

3. Foetal oxygen consumption was calculated from measurements of 
umbilical flow made with a velodyne flowmeter. Anoxia was induced by 
decreasing umbilical flow. O, consumption decreased when umbilical arterial 
O, saturation fell below 50°%; this was accompanied by a fall in blood pH, 
and a rise in blood lactate and pCO,. 

4. The rate of O, consumption per kilogram body weight rose about three- 
fold at birth, in some lambs within 6 hr, even though the lambs were anaes- 
thetized and were not shivering. 

5. It is suggested that an increase of at least this magnitude is necessary 
if the lamb is to maintain its body temperature after birth, since its O, con- 
sumption/kg in utero is similar to that of its mother, and since its surface 
area/kg is three times that of its mother. : 

We wish to thank the Nuffield Committee for the Advancement of Medicine for a grant in aid 
of this work, Dr D. G. Wyatt who gave invaluable help in the construction of the velodyne flow- 


meter, and Dr G. V. R. Born for the blood lactate and pH analyses. We are aleo very grateful to 
all the members of the staff who gave much needed technical assistance. 


2 
& 


310 G. 8S. DAWES AND JOAN C. MOTT 


APPENDIX 
THE VELODYNE FLOWMETER 


Fig. 9 illustrates the principle used. The instrument consists essentially of a pump with a dif- 
ferential manometer connected between its inlet and outlet. The pressure difference across the 
pump is converted into an electrical signal, which is amplified and used to control the speed of a 
velodyne motor which drives the pump. When the system is in normal adjustment the motor is 
stationary if the pressure difference across the pump is zero. A very small increase in pressure 
difference can cause the motor to rotate at a high speed, and hence can lead to a large flow 
through the instrument. Thus when the pump is introduced between the two cut ends of a vein, 
it will pump blood at such a rate that the pressure drop across it is very small, and, provided that 
the pressure drop is small compared with that elsewhere in the system, the rate of pumping is then 
nearly equal to the normal rate of blood flow. It is also possible to adjust the controls so that the 
mean pressure drop across the pump is zero at any given rate of flow. 


Pressure 
difference 


Velodyne 


— Pump — 


Fig. 9. To show the principle of the velodyne flowmeter. A roller pump is connected between the 
two cut ends of a vessel, and the speed of rotation of the pump is governed by the pressure 
difference across it. 


The velodyne is a small motor-generator (Williams & Uttley, 1946). The output of the generator 
is proportional to the speed of the motor, which can be controlled electronically over a wide range. 
The pump, which is of the ‘roller’ type, produces a flow proportional to its speed of rotation, and 
the output of the electrical generator is therefore proportional to the blood flow. The pressure 
difference across the pump is detected by measuring the relative movement of two saline-silicone 
menisci as indicated in Fig. 10. 

Details of construction. A velodyne motor-generator type 74 is connected by a 6: 1 reduction gear 
to a roller pump. The roller pump consists of a brass tube of 4-6 cm internal diameter, within 
which is wound a soft rubber tube of 5 mm internal diameter and 1-5 mm wall thickness. The rubber 
tube makes 14 revolutions within the brass tube and is firmly attached to it by an adhesive 
(‘Bostik’), applied to one surface of the rubber which has been flattened and roughened. Its ends 
emerge through slots cut in the brass tube. The roller is 1-1 cm in diameter and mounted on ball 
bearings; it is connected to the driving shaft in such a way that it may be removed from contact 


with the rubber tube when the instrument is not in use. When the roller is rotated, 1-62 ml. fluid 


is expelled during each revolution. Pumping is not continuous, however, since once during each 
revolution the roller ceases to compress the outlet end of the rubber tube at the point where it 
leaves the brass tube. This period of time occupies about one-fifteenth of a revolution, cor- 
responding to a volume of 0-12 ml. If it were not for this interruption of flow the output per 
revolution would be 1:74 ml. A record showing this variation in output during each revolution is 
shown in Fig. 11. The total volume of fluid contained within the rubber tube, including that 
portion which is outside the brass tube, is less than 4-5 ml. 
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The mean pressure difference beteeen the inlet and outlet of the roller pump is measured by 
a differential manometer. This consists of two Perspex tubes containing a non-conducting silicone 
(DC 200/0-65 oa, sp.gr. 9-75, viscosity 0-49 cP at 25°C, b.p. 99-5° C: Midland Silicone Ltd.) in 
their upper halves, which are joined, and saline in their lower halves. The saline is separated from 
contact with blood by finger-stalls, which also serve a useful purpose as valves should the pressure 
difference become excessive and tend to drive silicone into the blood vessel. The Perspex tubes are 
bolted to a slotted upright, so that their relative height may be adjusted. Their internal diameter 
is 1-8 om; if they are too narrow the instrument becomes unstable and oscillates because of the 
momentum of the motor armature. The effective length of the Perspex tubes (exclusive of rubber 
stopper) is 4-8 cm, which is more than sufficient to cover the range of pressures and flows required. 
At zero flow the silicone-saline menisci are normally adjusted to be half way up the Perspex tubes, 
and the finger-stalls just collapse as the menisci approach the top or bottom of the tubes. 


Fig. 10. The velodyne flowmeter. Inset a shows the construction of the roller pump after removal 
of the roller, details of which are seen in inset b. The end of the roller pump is protected by 


a Perspex shield. 


- 2 mi. 
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Fig. 11. A record of the output of the roller pump during 3} revolutions. 
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Two pairs of platinum electrodes are screwed into the tops of the Perspex tubes through water- 
tight washers, and pass down the full length of the tubes diametrically opposite to one another. 
These pairs of electrodes form two arms r,, 7, (see Fig. 12a) of a 50 c/s a.c. bridge, the out-of. 
balance voltage of which is proportional to the relative deflexion of the menisci from their initia! 
position halfway up the tubes, and hence to the mean pressure difference across the pump. This 
out-of-balance voltage is connected in series with a fixed 50 c/s voltage, these two voltages being 
either 180° out of phase or in phase, depending on the direction of flow. Then, provided that the 
fixed voltage is not less than the bridge signal for maximum flow, a steadily increasing signal is 
obtained as the flow increases from maximum reverse flow to maximum forward flow. The instru- 
ment will thus respond to flow in either direction. This signal, consisting of the sum of the bridge 
voltage and the fixed voltage, is rectified, amplified and applied directly to the velodyne amplifier. 

A fall description of this amplifier has been given by Williams & Uttley (1946). The circuit 
diagram, together with the additions which we found suitable for use in flow measurement, is 
shown in Fig. 12. The differential pressure detection circuit (Fig. 12a) consists of a phase-sensitive 
a.c. bridge with full-wave rectification, smoothing and a single stage of d.c. amplification having a 
net gain of 10. When switch S, is in the ‘auto’ position the off-balance voltage of the bridge 
circuit is dependent on the relative displacement of the saline-silicone menisci and the instrument 
acts as a flowmeter. The setting of P, can be used to adjust the position of the menisci at zero flow. 
When S, is in the ‘manual’ position the instrument can be used as a pump, whose speed and 
direction of rotation are controlled by adjustment of the potentiometer P,. Potentiometer P, is 
used to adjust the motor speed at a given setting of P, or P,. Fig. 126 shows the velodyne 
amplifier circuit. The e.m.f. at the generator armature is directly related to the speed and direction 
of rotation of the motor spindle, and can be read from a meter (Fig. 12c) which is provided with 
two ranges (switch S,). In some experiments the speed varied phasically with physiological 
changes, such as those due to breathing, and it was desired to record the mean speed of rotation. 
A smoothing circuit with a time constant of 10-50 sec can be introduced for this purpose by 
switch S, (Fig. 12c). The speed of rotation can also conveniently be displayed on an oscilloscope, 
a pen recorder (Cambridge Instrument Co. Fast Recorder, Fig. 13) or on a Cambridge Instrument 
Co. Slow Recorder. The necessary power supplies are shown in Fig. 12d. 

Performance. This particular instrument was designed for measuring flows of 50-800 ml./min. 
The minimum steady flow which can be recorded satisfactorily is about 25 ml./min (using 5 mm 
internal diameter rubber tubing in the roller pump). At a flow of 500 ml./min the vertical dis- 
placement of the silicone-saline menisci is 1 cm. Since the specific gravity of the silicone is 0-75, 
this is equivalent to a pressure drop of 0-25 cm H,O. However, the menisci can then be exactly 
aligned with one another by sliding the Perspex tubes up or down in the slots provided for this 
purpose (Fig. 10) or by adjustment of P, (Fig. 12a); at zero flow there will then be a negative 
pressure gradient across the instrument. 

The velodyne motor (type 74) can. reach full speed (6000 rev/min) in about half a second, 
(Williams & Uttley, 1946). The response time of the flowmeter to a stepwise increase of flow is 
determined not only by the time required for the motor to accelerate (to about 3000 rev/min at 
a flow of 800 ml./min), but also by the time required for the silicone-saline menisci to reach their 
stable operating positions (from a flow of 0-500 ml./min this is a minimum of 0-3 sec, equivalent 
to a displacement of 1 cm in the Perspex tubes of cross-section 2-5 cm*). Figure 13 demonstrates 
that the response times from zero to flows of 300, 530 and 830 ml./min are about 0-36, 0-52 and 
0-80 sec, respectively. At the highest rate of flow the motor just overshoots its steady running 
_ Speed. If the Perspex tubes are made narrower, so that the response time of the manometer 

becomes less than that of the motor, the instrument is liable to become unstable. At low rates of 
flow (Fig. 13) the speed of the motor varies slightly about the mean because of the unsteady output 
of the roller pump (Fig. 11), and the consequent deflexion of the silicone-saline menisci from their 
mean position. At higher rates of flow this variation in speed is scarcely perceptible. 

The calibration of meter reading against flow is linear. This calibration remained within +5 %, 
over a period of 2 weeks when the instrument was in continual use (Fig. 14). 
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Fig. 13. Records to show the time required by the flowmeter to attain a steady running speed 


on suddenly changing flow 
600 F 
200} 
i L i i 
0 50 100 150 200 pA 
Meter reading. 
Fig. 14. Calibration of the meter-reading against flow on five occasions during a 2-week period 
of constant use. 
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It has been shown that the oxygen consumption of new-born animals of many 
different species (babies, Cross, Tizard & Trythall, 1955, 1958; puppies and 
kittens, Moore, 1956a, 6; lambs, Acheson, Dawes & Mott, 1957; rabbits, 
Dawes & Mott, 19592) falls during moderate anoxia. The oxygen consumption 
of adult mammals (man, dog and cat) does not appear to fall to the same 
extent, even in extreme anoxia, except in species which are small in size 
(mouse, rat, guinea-pig; see discussion in Acheson, Dawes & Mott, 1957; 
Hill, 1958). It seemed to us desirable to examine the effects of anoxia in the 
new-born animal and the adult of the same species, using so far as possible 
identical methods of investigation under the same laboratory conditions, in 
order to establish whether this difference was real and to try to discover its 
cause. As oxygen absorption is primarily dependent on pulmonary ventila- 
tion and blood flow, these also have been measured during anoxia. The sheep 
is a convenient experimental animal for this purpose because the new-born 
lamb is sufficiently large to allow the withdrawal of a moderate number of 
blood samples. Preliminary accounts of some of these experiments have been 
published (Cross, Dawes & Mott, 1958a, b). 


METHODS 


Sixteen adult ewes and forty-eigi:t lambs varying in age from a few hours to 60 days from birth 
were used. Most of them were a Clun-Hampshire cross, but a few were Welsh, Suffolk or Kerry 
Hill. The sheep was laid on its side, a polyethylene catheter was introduced into an external 
jugular vein under local anaesthesia, and chloralose was administered in doses which varied 
according to the age and weight of the animal. 

The blood pressure was measured with a condenser manometer from a systemic artery, the 
femoral in new-born lambs and a branch of the radial in adult sheep. The pulse wave was used 
to operate a heart-rate meter (Wyatt, 1956, 1957), and both mean blood pressure and heart rate 
were recorded on a Cambridge Instrument Co. Slow Recorder. The catheter in the external 
jugular vein, used for giving the first dose of anaesthetic, was replaced by a longer one which was 
passed into the right ventricle. The pulse shape, recorded from a condenser manometer, indicated 
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Measurement of oxygen consumption and breathing. The tracheal cannula was attached to a 
closed circuit, whence the carbon dioxide was removed by soda-lime, and to which oxygen was 
supplied by a roller pump driven by a velodyne motor-generator (Williams & Uttley, 1946) at a 
rate just sufficient to keep the volume constant at the end of expiration. The apparatus is illus- 
trated in Fig. 1. A volume recorder (A) attached to the closed circuit registered the tidal volume 


Tidal air 


Fig. 1. Diagram of apparatus used for measuring 0, consumption. Volume recorder A measures 
the tidal air. Oxygen is admitted by the velodyne roller pump at a rate just sufficient to 
maintain the position of this volume recorder constant at the end of expiration (see Methods). 
Oxygen is supplied from a volume recorder B which is automatically refilled after an interval 
of 1 min and gives a record of O, consumption. 


of each breath on a smeked drum revulving at about 0-5 cm/min. To the end opposite from the 
writing lever was attached a lever carrying two electrodes. One of these (Fig. 1d) made contact 
‘with a reservoir of mercury at the end of expiration, and thus stopped the roller pump. The other 
electrode (Fig. 1) was of platinum and dipped into saline when the lever descended a few milli- 
metres further. The resistance between the platinum and the saline was in parallel with one arm 
of an a.c. bridge designed to control the speed of rotation of the velodyne roller pump, to which 
it was connected through a circuit having a time constant of 0-5-1-0 sec. The bridge was adjusted 
so that the roller pump introduced oxygen into the circuit at a rate somewhat greater than that 
which the animal required; when the lever descended too far at the end of expiration, the platinum— 
saline contact was made, and the roller pump rotated at a slower speed during the next respiratory 
eycle (a ratchet prevented the pump from reversing its direction of rotation). The writing point 
of the volume recorder (A) therefore did not deviate in position by more than a few millimetres 
st the end of expiration, except after large gasps or sudden movements, when it rapidly regained 
21 PHYSIO, CXLVI 


when it reached its correct position, which was verified post mortem. Blood samples (0-8 ml.) : | 
were withdrawn simultaneously from this catheter and from one introduced into a systemic . 
artery (usually « branch of the radial in both new-born lambs and adult sheep) for calculation of 
the cardise output by the Fick principle. They were analysed for their 0, content and capacity 
by a modification of the Barcroft-Haldane method, using Warburg manometers (Born, Dawes & | 
Mott, 1955). Blood lactate was estimated by the method of Barker & Summerson (1941) and pH 
by a glass electrode and pH meter. Rectal temperature was recorded at intervals. 
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its equilibrium position (Fig. 2A). Oxygen was supplied to the roller pump from a second volume 
recorder (B), which was refilled automatically from a cylinder to a level determined by the contact 
labelled f in Fig. 1, after an interval of 1 min or more, as convenient. In this way a continuous 
graphic record of O, consumption per minute was obtained. In some experiments the mean 
current output of the velodyne generator, which is directly proportional to the rate of revolution 
of the roller pump, was also used as a measure of 0, consumption, and was displayed on the Cam- 
bridge Slow Recorder. At each breath, when contact d (Fig. 1) was made, the relay which stopped 
the roller pump also actuated an impulse counter (Thorp, 1948), which thus provided a record 
of respiratory rate. Examples of kymograph records of O, consumption, tidal air and respiratory 
rate thus obtained ‘are shown in Figs. 2 and 15. 

The apparatus described above contains a negative feed-back loop between the tidal air volume 
recorder and the velodyne motor-generator which drives the roller pump. Figure 2B shows that 
even during periodic breathing the system operates rapidly and effectively, and indicates a periodic 


©, consumption (ml./min) 


(mi.) 


Respiration rate Tidal air 
(per min) 


A. Normal breathing B. Periodic 


Fig. 2. Using the apparatus illustrated in Fig. 1, A is a record of normal breathing with the 
kymograph drum running fast, to illustrate the method for measuring O, consumption; 
note the gasp. B is a record of periodic breathing to show the intermittent uptake of oxygen. 


consumption of oxygen. A severe test of its properties was instituted as follows. A Starling 
‘Ideal’ pump was connected in place of the animal and another roller pump was attached to the 
closed circuit in such a way that it withdrew gas from the system, and thereby simulated the 
consumption of oxygen. Figure 3 indicates that when the rate of withdrawal of gas was instan- 
taneously reduced to less than half there was a small change in the level of the ‘tidal air’ trace 
and the new equilibrium position was reached during the subsequent minute. The period of arrest 
at the end of expiration is very short in this artificial system and approximates to the least 
favourable conditions encountered during severe hyperpnoea. 

The same basic apparatus was used for experiments on adult sheep and on new-born lambs, 
but some minor modifications were necessary for the latter. Thus the cross-sectional area of the 
tidal air volume recorder was 27 x 25 om* for sheep and 19 x 14 cm* for lambs; it also proved 
convenient to use either of two volume recorders for 0, consumption of 19 x 14 or 11 x 9 cm* area 
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- The volume of the closed circuit was about 9 1. for adult sheep, cluding 
which was removed for experiments on lambs, The temperatures of the gee in the nened eax: 
and of the oxygen entering the circuit were recorded, and the rate of 0, consumption was corrected 
to dry gas at s.t.p. With adult sheep the tracheal cannula was connected to a respiratory valve 
constructed of Perspex the dead space of which was small, modified from the design published by 
Cunningham, Johnson & Lloyd (1956). End-expiratory gas was withdrawn by a roller pump at 
a rate of about 100 ml./min, through a heated mica non-return valve from the further end of the 
expiratory valve, using the principle described by Rahn & Otis (1949), Samples were withdrawn 


O, consumption (ml.) 


Tidal air (mi.) 


1 min 


Fig. 3. Model experiment as a test of the O, consumption apparatus. 0, consumption was abruptly 
reduced for 5 min during the first part of the record. Although the period of arrest at the 
end of expiration was very brief, as seen in the latter part of the tidal air record, the system 
responds rapidly with only a small change in the level of the tidal air trace (below). 


for analysis for 0, and CO, by Haldane’s apparatus; otherwise it was returned to the closed 

circuit. When the apparatus was used for new-born lambs the tracheal cannula was attached to 

it by a T-tube, and the gas in the system was circulated by means of a roller pump at 4-5 1./min. 

This had the advantage that the resistance to breathing was low, but it was no longer possible 

to collect end-expiratory samples. During some experiments the lamb was connected to the 

pup; thas O, consumption could be measured after respiration 
failed. 

Oxygen consumption was also measured in a few unanaesthetized lambs. The lamb was placed 
in a gas-tight box with a transparent lid. Gas was circulated at about 5 |./min through the box, 
which was connected in series with the closed-circuit apparatus described above. Tidal air was 
not measured; respiratory rate was counted by observation through the lid. 

Measurement of oaygen content of inspired gas. The inspired gas was sampled for its O, content 
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method described by Davies & Brink (1942). The gas was sucked through @ sintered glass dis- 
tributor into about 10 ml. sodium chloride solution 0-9% (w/v) and thence returned to the 
closed circuit. The gas bubbled round a platinum electrode immersed in the saline and the current, 
passed between this and a silver chloride electrode at a potential difference of 0-7 V, was registered 
by a damped galvanometer. The current was directly related to the O, content of the gas over 
the range in which we were interested, but the instrument was temperatu sensitive and also, 
over many hours, showed a slow decrease in sensitivity which was attributed to polarization. 
Therefore observations during which air was circulated through the instrument for 2 min (which 
was sufficient to ensure equilibrium) were interpolated between observations of the current passed 
when the inspired gas was circulated. The apparent O, content of the inspired gas was then 
calculated as 


galvanometer current during passage of inspired g98 4.407 
galvanometer current during passage of air 
Calibration (Fig. 4) was performed with gas mixtures analysed by Haldane’s apparatus, and 
remained constant over many weeks provided that the electrodes were cleaned regularly 


T T 7 1 


uw 


% O» determined by analysis (Haldane) 


i l L L & 
5 10 15 20 235 30 
% OQ, calculated from polarographic method 
Fig. 4. Calibration of the polarographic method for analysis of O, content of inspired 
air against Haldane’s method; pooled results on three different days. 


Changes in the oxygen content. The oxygen content of the gas in the closed circuit, and therefore 
of the inspired gas, was reduced by replacing with air the oxygen consumed by the sheep (i.e. by 
disconnecting the velodyne roller pump of Fig. 1 from the oxygen supply); the rate of fall was 
usually 1% in 1-2 min. During this procedure 0, consumption was not recorded by the volume 
recorder (Fig. 1B). At the end of the period of anoxia the oxygen content of the closed circuit 
was raised in one of two ways. In some experiments the closed circuit was flushed with room air; 
this took several minutes, during which 0, consumption was not measured. Alternatively a small 
reservoir filled with oxygen, and of volume such that the oxygen content of the system was raised 
to rather more than 21%, was introduced in series with the closed circuit for a few minutes and 
then removed. 

Inferior vena caval flow. Blood flow through the inferior vena cava in new-born lambs was 
measured by inserting a velodyne flowmeter (Dawes & Mott, 19595). The lamb was placed on its 
left side, and the vena cava was approached retroperitoneally through a lateral incision. Small 
branches were tied and the lamb was heparinized. The vena cava was then divided below the 
entry of the renal veins and the flowmeter was connected between the two cut ends. The largest 
possible cannulae were used; these were connected to the flowmeter by double-lumen tubes, the 
inner core of which was connected to the pressure-sensing part of the instrument. The flowmeter 
was then adjusted so that the mean drop in pressure between the cannulae was negligible. 
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RESULTS 
A general description of the results of experiments upon adult sheep will be 
given first. This is followed by an account of similar observations on new-born 
lambs, during which the physiological behaviour of the two groups of animals 


is compared. 
Adult sheep 
Experiments have been carried out on sixteen adult sheep, but detailed 
results will only be presented from five sheep which were in a satisfactory 
physiological condition, and in which all the measurements were made con- 


TasiE 1. Results obtained on five sheep which were in a satisfactory physiological condition 
arr sue 762 764 765 766 767 


Breed Welsh Kerry Hill Kerry Hill Hampshire Welsh 
Age ( ) 7 6 6 1-7 * 5 
eight (kg) 31 55 80 57 33 
Surface area (m*) 0-98 1-17 1-49 1-07 0-75 
Chioralose (mg/kg) 71 55 60 49 
(%) 20-0 22-4 21-7 21-0 22-4 
O, saturation (%) 
i 80 95 84 83 90 
a 50 55 46 32 49 
expiratory 
po fas ) 99 120 ill 118 114 
pco, a he 32 30 33 33 37 
Minute volume (1./min, 8B.s.P.T.) 9-7 9-9 8-4 8-8 4-5 
Respiration rate per minute 34 30 28 26 16 
B.P. (mm Hg) 132 135 147 102 140 
Cardiac output (I./min) 5-6 6-0 5-1 5-1 4-4 
Q, consumption (ml./min) 209 257 234 252 149 


currently and over a long period of time. However, the incomplete results 
on the eleven sheep excluded from detailed consideration were similar, and 
substantiate the general conclusions reached. Table 1 shows the results of 
various observations on the five sheep mentioned above, at the beginning of 
the experiment while they were breathing a gas mixture containing 20% O, 
or more. These measurements were all begun about 2 hr after administra- 
tion of the dose of chloralose indicated. The rectal temperature ranged from 
38-6-40-4 °C, 

Each sheep was subjected to two periods of anoxia, lasting 1-1} hr. During 
the first period of anoxia the sheep were more deeply anaesthetized than 
subsequently, when it was usually necessary to give additional small doses of 
chloralose. Sheep 762 (Table 1), with the lowest arterial 0, saturation (80%) 
had had the highest dose of chloralose initially (71 mg/kg). In the three sheep 
which had the lowest initial arterial O, saturation (80-84%), the saturation 
rose, some 2-3 hr later and after the first period of induced anoxia, to a value 
of 86-91, with an end-expiratory pO, of 111-127 mm Hg when they were 
once more breathing 20-5-22:6% O,. These measurements are described in 
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some detail in order to show what we believe to be reasonably satisfactory 
physiological criteria for experiments upon adult sheep. 

In order to make the sheep anoxic, the oxygen content of the inspired air 
was reduced stepwise as shown in Fig. 5; it was then rapidly restored to 
about 21%. At least once during each experiment anoxia was carried to a 
point at which respiratory failure occurred. As Fig. 5 shows, the rate of 
oxygen consumption of an adult sheep during this procedure was hardly 
affected until terminal respiratory failure on 7-8°% O,, even though the arterial 
O, saturation fell to less than 20%, and though there was hardly any oxygen in 


inspired 
20 
415 
410 
OQ, consumption 
E Cardiac (prin) 
4 
= 2 Arte = 100 
E | saturation 700 
Mixed 
| venous 420 
. Rectal temp. 
12.30 1.00 1.30 2.00 2.30 p.m. 


Fig. 5. Adult sheep, 1-7 years old, 57 kg, chloralose 63 mg/kg. A reduction in the O, content of 
the inspired air caused only a comparatively small fall in O, consumption; there was a large 
increase in cardiac output. 


the mixed venous blood. The end-expiratory pO, fell from 118 mm Hg while 
breathing 21:8% O, to 35mm Hg on 7-8% O,; the pCO, fell from 33 to 
19 mm Hg. Anoxia caused a large increase in tidal air, but only a small change 
in respiratory rate. The minute volume of breathing increased 2-3 fold during 
this period of anoxia, and cardiac output increased nearly threefold. The 
oxygen carrying capacity of the blood increased from 9-6 to 11-0 ml./100 ml. 
There was little change in mean arterial pressure; heart rate rose from about 
130 to 190 beats/min at the maximum. The rectal temperature fell slightly 
during anoxia, in this as in other adult sheep. When the anoxia was relieved, 
OQ, consumption increased considerably during the subsequent 20 min, as if 
a substantial O, debt were being eliminated. In this sheep it amounted to 
approximately 1-5 1.0,. 

After an interval of 2 hr this sheep was subjected to a second period of 
anoxia, not shown in Fig. 5, during which breathing did not cease until the 0, 
content of the inspired air was lowered to 6%. On this occasion the end- 
expiratory pO, fell to 25 mm Hg, pCO, to 13 mm Hg and the minute volume 
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increased sixfold. Cardiac output increased fourfold (to 22 1./min) and the 
0, carrying capacity of the blood increased to 13-1 ml./100 ml. These changes 
are all greater than those observed during the first period of anoxia, in spite 
of the fact that an additional 10 mg/kg chloralose had been given during the 
intervening recovery period. The increased ability to withstand oxygen lack 
is attributed to the lightening of anaesthesia at the time of the second period 
of anoxia. This conclusion is supported by observations on the other sheep. 
In one of these a large additional dose of chloralose (56 mg/kg) was given 
between the first and second periods of anoxia, with the result that the minute 
volume of breathing was increased less and breathing ceased at a higher 
inspired pO, than on the previous occasion. Every adult sheep tolerated a 
period of breathing 6% O, or less (corresponding to an end-expiratory pO, 
of 20-26 mm Hg), providing it was lightly anaesthetized; this period was as 
long as 50 min in one experiment. Under these conditions both the minute 
volume of breathing and the cardiac output were increased on the average 3-5 
fold. It was notable that in no adult sheep was there any significant increase 
in O, consumption (Figs. 5, 9). The fall in O, consumption during anoxia was 
greatest in the sheep which had had the most anaesthetic, and which showed 
the least increase in respiratory minute volume and cardiac output. 


New-born lambs 

Anaesthesia. Our experience with adult sheep had led us to believe that a 
dose of chloralose of 40-80 mg/kg might be required for general anaesthesia. 
After we had performed a number of experiments on new-born lambs with 
this dose, we became aware that lambs less than 3 days old, and particularly 
within the first 24 hr after birth, require less anaesthetic. Indeed, as little as 
10 mg/kg was sometimes sufficient to produce good general anaesthesia, 
lasting for some hours, in a vigorous new-born lamb. In seventeen lambs less 
than 3 days old, which received 10-30 mg/kg chloralose, the arterial O, 
saturation exceeded 90% in all but one. 

In order to confirm our impression that light chloralose anaesthesia did 
not seriously modify the resting 0, consumption of new-born lambs, we 
measured the 0, consumption of three lambs which were not anaesthetized, 
but which were lying quietly at rest (see Methods). These lambs were 1~12 hr 
old and had an O, consumption of 9-13 ml./kg. min, i.e. within the range for 
anaesthetized lambs. Two of them were then anaesthetized with progressively 
increasing quantities of chloralose from 5 to 30 mg/kg, but showed no significant 
change in 0, consumption. In other experiments we have increased the dose 
of chloralose from 10 to 50 mg/kg, also without any change in O, consumption. 

0, consumption. The following experiments were carried out in the absence 
of shivering or panting, and at a rectal temperature of 38-5-40-5° C, maintained 
if necessary by external warmth. Oxygen lack was induced as in the adult 
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sheep by lowering the oxygen content of the inspired air stepwise, over a 
period of }-2 hr, usually until breathing stopped. 

Almost all new-born lambs showed some decrease of 0, consumption during 
anoxia. The magnitude of this decrease depended not only on the degree to 
which the arterial 0, saturation was reduced before breathing stopped, but 
also, and to a much greater extent, on the initial O, consumption. Fig. 6 
illustrates an experiment in which anoxia caused a large decrease in 0, 
consumption in a lamb which was 18 hr old, and whose initial oxygen con- 
sumption was high. In this, as in several other new-born lambs, there was 
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Fig. 6. New-born lamb, 18 hr old, 4-8 kg, chloralose 30 mg/kg. A reduction in the 
O, content of the inspired air caused a large fall in O, consumption. 


also a small initial increase in O, consumption, at a time when the O, content 
of the inspired air was about 15%, and breathing was increasing in rate and 
depth. 

Figure 7 shows the change in oxygen consumption with arterial oxygen 
saturation in lambs which were less than 1 day old. The observations depicted 
in Fig. 6 are represented as triangles (a) in Fig. 7. The initial oxygen con- 
sumption when the lambs were breathing air was 6-15 ml./kg.min. As we 
have explained in a previous paper, the oxygen consumption of the lamb rises 
rapidly during the first 24 hr after birth, from the foetal level of 4—5 ml./ 
kg.min to 12-15 ml./kg.min (Dawes & Mott, 19596). Of the thirteen 
lambs, experiments on which are depicted in Fig. 7, eleven had an initial O, 
consumption ranging between 6 and 8-5 ml./kg.min; when these lambs 
were made anoxic there was only a comparatively small fall in 0, consump- 
tion when the arterial O, saturation fell below 50°. In the other two lambs 
of this group, which had an initial 0, consumption of 13-15 ml./kg.min, 
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Figure 8 shows observations on eleven lambs, 1-9 days after birth. Of this 
group there was only one which started with an O, consumption of less than 
9 ml./kg.min. There was @ comparatively small fall in oxygen consumption 
during anoxia in this lamb. The remainder all showed large falls in oxygen 
consumption, which in some instances exceeded 40 %. Moreover in several 
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Arterial O, saturation (%) 
Fig. 7. O, consumption/kg body weight plotted against arterial O, saturation for thirteen lambs 
less than 1 day old, The observations from the experiment shown in Fig. 6 are depicted as 
triangles (4), and those from the experiment of Fig. 14 as squares (™). 
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Fig. 8. O, consumption/kg body weight plotted against arterial 
O, saturation for eleven lambs 1-9 days old. 
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of these experiments a substantial decrease in oxygen consumption had 
already occurred when the oxygen saturation of the arterial blood reached 
40-50%. 

Figure 9 shows for comparison similar observations on the five adult sheep; 
the experiment illustrated in Fig. 5 is shown here as open circles joined by a 
interrupted line (O---©). Their weight was 31-80 kg and their initial oxygen 
consumption 2-9-6-7 ml./kg.min. The fall in oxygen consumption during 
anoxia was usually trivial and in no instance did it exceed 20%. Some addi- 
tional observations were made on six lambs of 20-60 days, weighing 7-9- 
14-5 kg. Their initial oxygen consumption was 8-1-11-9 ml./kg.min. These 
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Fig. 9. O, consumption/kg body weight plotted against arterial O, saturation for five adult sheep. 
The observatious from the experiment shown in Fig. 5 are depicted as open circles joined 
by interrupted lines (O---O). 


lambs behaved like adult sheep so far as their oxygen consumption was 
concerned, that is to say the fall in oxygen consumption as the arterial O, 
saturation fell was comparatively small and never exceeded 20%. 

We may, therefore, summarize the position by saying that some new-born 
lambs show a very large fall in oxygen consumption during anoxia. This fall 
is best seen in lambs which have an oxygen consumption of 9 ml./kg.min or 
more, and within the first 10 days of life. After 20 days from birth a compar- 
able change is not observed even though the resting oxygen consumption, in 
the absence of shivering, exceeds 9 ml./kg. min. 

We have also reduced to 8% the O, content of the air breathed by an 
unanaesthetized lamb which was 7 hr old. The 0, consumption fell from 
13-0 to 7-7 ml./kg.min. This demonstrates that the phenomenon is not 
dependent on anaesthesia. 

In Figs. 7 and 8 the rate of O, consumption is plotted against the arterial 
O, saturation, rather than the 0, content of the inspired air, because the 
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change in the minute volume of breathing during anoxia varied from lamb 
to lamb. The changes in O, consumption during anoxia in new-born animals 
of other species have been expressed in terms of the 0, content of the inspired 
air (Cross, Tizard & Trythall, 1955, 1958; Moore, 1956a, 6; Hill, 1958). In 
order that the observations on lambs may be compared with those on other 
species, the arterial O, saturation has been plotted (Fig. 10) against the O, 
content of the inspired air for the twelve lambs, 9 days old or less, of Figs. 7 
and 8 which had an initial O, consumption greater than 9 ml./kg.min, i.e. 
those lambs in which a large fall in O, consumption was observed during 
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Fig. 10. The arterial O, saturation has been plotted against the O, content of the inspired air 
for twelve lambs, 9 days old or less, whose O, consumption exceeded 9 ml./kg. min. 


anoxia. When breathing 15% O, the arterial O, saturation was above 70%; 
on 10% O, it was‘35-55%. In this group of lambs, and under these experi- 
mental conditions, there was little fall in O, consumption until the O, content 
of the inspired air was reduced below 12%. In Fig. 6 there was no significant 
fall in O, consumption until the O, content of the inspired air was reduced to 
10-7 %; and in Fig. 15 there was no fall even when breathing 9-6% O,. 
Overventilation during anoxia. The minute volume of breathing in new- 
born lambs increased during anoxia, but to a variable extent. Fig. 11 A shows 
that the minute volume while breathing air ranged from 0-12 to 0-45 1./kg in 
lambs up to 10 days from birth. The older lambs and adult sheep had had 
a larger dose of chloralose than the younger ones; their minute volume per 
kilogram covered a similar range. The quantity of gas breathed for each 
millilitre of 0, consumed was rather greater in lambs of 20-60 days and adult 
ewes than it was for younger lambs. Although the new-born lambs which were 
less than 12 hr old had required less anaesthetic, their maximum minute 
volume per kilogram during anoxia was somewhat smaller than that observed 
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in older lambs and adults (Fig. 11.B). Some of the observations shown in this 
figure suggest that there is an inverse relation between the minute volume of 
breathing and the dose of chloralose, as is only to be expected. 

Cardiac output. Whereas cardiac output in the adult sheep increased very 
greatly during anoxia, in the new-born lamb it was doubtful in many experi- 
ments whether there was any change at all. In Fig. 12.4 is shown the change 
in cardiac output (in 1./m?. min) in five adult sheep. When the arterial oxygen 
saturation fell below 40°% there was a very large increase. By contrast, in 
only four out of ten experiments on lambs of 4 hr-60 days of age was there 
any evidence of a significant increase in cardiac output during anoxia (Fig. 12 B). 
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Fig. 11. Minute volume of breathing plotted against dose of chloralose (A) while breathing air, 
and (B) in extreme hyperpnoea during anoxia, for lambs < 12 hr old (OQ), 12 hr—2 days old 
(@), 2-10 days old (@), 20-60 days old (@) and for adult sheep (A). 


In each of these four experiments the apparent increase depended upon one 
single observation. This difference is the most striking single difference between 
the new-born lamb and the adult sheep in their response to partial oxygen 
lack. 

Oxygen-carrying capacity, blood pressure and heart rate. The oxygen-carrying 
capacity of the blood varies with age. In the mature foetal lamb it ranges 
from about 12 to 18 ml./100 ml. under our conditions of anaesthesia and 
delivery (Born, Dawes & Mott, 1956; Dawes, 1957). The oxygen-carrying 
capacity falls progressively after birth, as is shown in Fig. 13, towards the 
adult value of 8-13 ml./100 ml. Oxygen lack of a degree sufficient to reduce the 
arterial O, saturation below 25°% caused a large increase in the oxygen- 
carrying capacity of adult sheep (mean 37%) and a relatively and absolutely 
smaller increase (mean 9°) in new-born lambs. The latter, however, started 
with a higher oxygen-carrying capacity. 
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The blood pressure before anoxia ranged from 62 to 100 mm Hg within the 
first 2 days after birth, and up to 120 mm Hg within 10 days. Anoxia was 
induced slowly, and in only three experiments was there any significant rise 
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Fig. 12. Cardiac output per m* body surface has been plotted against the arterial O, saturation, 


and 20-60 days old (A, @, @, A). 


of blood pressure before breathing slowed and stopped, when there was some- 
times a terminal rise. Usually there was no change in blood pressure or a 
gradual fall. There was often an increase in heart rate (Fig. 14) and always a 
rise in the mean pressure difference between the cavity of the right ventricle 
and the atmosphere. 
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Blood lactate, pH and temperature. In five lambs 1}-5 days old the blood 
lactate and pH were measured. The blood lactate was under 10 mg/100 ml. 
and pH was 7-2-7-5 when the lambs were breathing air. We were surprised 
to observe the wide range in pH values, for which we are unable to account. 
When the lambs were made progressively more anoxic, the blood lactate began 
to rise as the arterial O, saturation fell below 50%. Thus in a typical experi- 
ment the O, content of the inspired air was reduced stepwise to 8-3°% over a 
period of 1} hr in a lamb 5 days old. The O, consumption fell from 13-6 to 
8-5 ml./kg.min and the blood lactate rose from 7-5 to 82 mg/100 ml. The 
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Fig. 13. The O, carrying capacity of the blood has been plotted against age 
(on a logarithmic scale) for lambs and sheep. 


lamb was then given room air to breathe and the 0, consumption returned to 
its previous level. An hour and 2 hr later the blood lactate was 69 and 18 mg/ 
100 ml. respectively. The changes in pH were less consistent. In some lambs 
there was a small fall and in others a small rise; there was no clear association 
with the simultaneous hyperpnoea. The rectal temperature tended to fall 
during hypoxia (Fig. 6). 


Resprratory failure and resuscitation. Most new-born lambs did not stop | 


breathing until the O, content of the inspired air was reduced considerably 
below 10%. Twelve of thirty-three lambs less than 10 days old continued 
breathing 6% O, or less. Usually, if the lamb was still gasping when once 
more given room air to breathe, recovery was rapid. Respiratory rate and 
depth eventually returned to pre-anoxic levels, though many lambs continued 
to over-ventilate for as long as an hour afterwards. In three lambs we failed 
to restore adequate oxygen sufficiently rapidly, and we were unable to revive 
these lambs by artificial respiration. In all the others in which breathing had 
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stopped artificial respiration was effective, though occasionally breathing was 
periodic in character for a short while thereafter. 

Six lambs 4-18 hr from birth stopped breathing when the Q, content of the 
inspired air was high, 9-4~15-1%. Three of these lambs had been delivered 
naturally, three by Caesarean section at 142-145 days gestation. Their birth 
weights (3-8-5-7 kg), and O, consumption (7-0-12-0 ml./kg. min) were in the 
normal range, and they had received 18-35 mg/kg chloralose. 0, consumption 
did not fall in any of these lambs before breathing suddenly stopped (Fig. 14). 
Arterial blood samples taken shortly before this ranged from 30-58%. Of 
these six lambs one recovered completely when given air to breathe; one did 
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Fig. 14. Lamb 3°75 kg delivered by Caesarean section at 4-45 p.m.; chloralose 20 mg/kg at 
8-20 p.m. Progressive anoxia caused respiratory failure when the arterial O, saturation 
fell below 30%. The O, content of the inspired air was then raised, but in spite of this, and 
of a short period of artificial respiration (A.R. 1) at 10-45 p.m., breathing did not recover. 
It required artificial respiration (A.R.2) for more than half an hour before normal breathing 
could be re-established. 


not breathe even after 2 hr artificial ventilation with a respiration pump. In 
the other four breathing appeared to recover after a short period of artificial 
respiration, fully adequate to restore the arterial O, saturation to normal, 
only then to fail once more (Fig. 14). A prolonged period (15-60 min) of 
artificial ventilation then led to a rapid fall of blood pressure to a low level, 
followed by a gradual rise to a level not very different from that immediately 
preceding respiratory failure. At the same time heart rate fell towards the 
pre-anoxic value (Fig. 14). In all four lambs discontinuation of artificial 
ventilation was then followed by the establishment of normal breathing. In 
the experiment, part of which is illustrated in Fig. 14, the same sequence of 
respiratory failure during anoxia, and resuscitation only by prolonged artificial 
ventilation, was repeated after an interval of three hours; no additional 
anaesthetic was given. 
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In another of these lambs breathing stopped suddenly on 11-6% O, when 
the arterial O, saturation was 58% and without any previous reduction in 
O, consumption. It was only re-established after artificial ventilation for 
1 hr. Half an hour later the 0, content of the inspired air was lowered during 
artificial ventilation to 6-2°,, when the arterial O, saturation was only 25% ; 
O, consumption fell from 11 to 6 ml./kg.min. Spontaneous breathing was 
then re-established on air; it failed subsequently when the inspired O, was 
decreased to 10-7%. On this occasion, however, normal breathing began on 
air once more, without any prolonged period of artificial ventilation. This 
experiment shows that the phenomena described above are due to primary 
respiratory failure. It is interesting that it should occur at a relatively high 
arterial 0, saturation, and only in such very young lambs. The fact that 
prolonged artificial ventilation was sometimes necessary to re-establish normal 
breathing suggests that in these lambs the metabolic consequences of anoxia 
may have added to a depressant action of the anaesthetic upon the respiratory 
centre. 

Blood flow and O, consumption in the hind quarters. The fact that anoxia 
caused a large decrease in O, consumption in many new-born lambs raised 
the question as to whether this decrease was general throughout the body, or 
whether it was greater in some tissues than in others. In order to decide 
between these two alternatives, blood flow was measured in the hind quarters 
by inserting a velodyne flowmeter into the inferior vena cava just caudal to 
the entry of the renal veins. Oxygen consumption in the area drained was 
calculated by multiplying flow and the arteriovenous oxygen difference. 

Four successful experiments were performed in lambs 4-12 days old, with 
a total O, consumption while breathing room air of 10-12 ml./kg.min. The 
flow in the inferior vena cava under these conditions was 94-126 ml/min 
and the oxygen consumption of the hind quarters was 1-3-1-5 ml./kg.min, 
i.e. 94-125 %, of the total. In all four lambs, when the arterial O, saturation 
was reduced to 31-43% by lowering the O, content of the inspired air, the O, 
consumption of the hind quarters was reduced relative to that of the whole 
lamb. Figure 15 illustrates such an experiment, in which the arterial O, satura- 
tion fell to 41% and the venous to 10%. The O, consumption of the whole 
lamb was hardly reduced at all, but that of the hind quarters fell by about 25% 
in spite of an increased blood flow in the inferior vena cava. Before and after 
anoxia the O, consumption of the hind quarters was 12:2-12-9% of that of 
the lamb; during anoxia it was 10-5 and 8-7 %. The minute volume of breathing 
doubled, heart rate increased from 240 to 370 beats/min and blood pressure 
rose by less than 5%. 

These observations appear to establish a prima facie case for believing that 
the decrease in O, consumption during anoxia in the new-born lamb is con- 
siderably greater in some tissues than in others. Indeed, one would expect 
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that the O, consumption of the respiratory muscles might even be increased. 
There is one alternative explanation of these observations which has to be 
considered, namely, the possibility that the quantity of venous blood returning 
from the hind quarters to the heart through anastomotic channels other than 
the inferior vena cava is altered during anoxia. Calculation suggests that this 
is unlikely, particularly in view of the large decrease in arteriovenous 0, 
difference during anoxia, and the small changes in flow in the inferior vena 
cava which were observed when using the velodyne flowmeter, the mean 
pressure drop across which is negligible. Thus, using the values in Fig. 15, 
it can be shown that if the apparent decrease in the O, consumption of the 
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Fig. 15. Lamb 7 days old, 5-6 kg, chloralose anaesthesia. The O, consumption of the whole lamb 
was measured with the apparatus shown in Fig. 1, and that of the hind quarters was calcu- 
lated from measurement of inferior vena caval flow and the arteriovenous 0, difference. 
During anoxia there was no significant fall in total O, consumption, but that of the hind 
quarters decreased considerably. 


hind quarters during anoxia were wholly to be accounted for by a change in 
anastomotic flow, that flow would have to be at least one-third of the flow in 
the inferior vena cava during anoxia. It would also have to increase by at 
least 50°% from its initial value, in circumstances under which the flow in the 
inferior vena cava increased less than 10%. The evidence is therefore in favour 
of the conclusion that there was a real, and substantial, decrease in the O, 
consumption of the hind quarters. 

The effect of anowia on shivering and on O, consumption. All the preceding 
experiments were carried out on lambs which were not shivering, and at rectal 
temperatures of 38-5-40-5° C. Lambs which were 2 or more days old were 
almost all able to maintain their rectal temperature at 39-40° C, without 
shivering, in the laboratory at 17-20° C; their resting 0, consumption, and so 


their metabolic rate, was sufficiently high. Many younger lambs had an O, 
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consumption of less than 9 ml./kg.min at rest and in the absence of shivering ; 
their environmental temperature had to be raised above 20°C by placing 
them on a warm table and by radiant heat in order to prevent shivering. Some 
of these lambs were able to raise their 0, consumption to as much as 25 ml./ 
kg.min by shivering. Shivering was always abolished by warming to a rectal 
temperature of 39-5° C or above; it was sometimes abolished at a lower rectal 
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Fig. 16. Lamb 60 days old, 12-7 kg, chloralose 50 mg/kg. The lamb was cooled and during the 
period covered by the record its rectal temperature was 37° C. Lowering the O, in the in- 
spired air to 10% caused a fall in O, consumption and cessation of shivering. Note the 
transient increase of tidal air and respiration rate while the inspired O, was decreasing. 


temperature and occasionally, on warming with radiant heat, before any 
change in rectal temperature had been observed. When lambs were warmed 
still more, so that their rectal temperature rose above 40-5° C, they began to 
pant, respiration rate increased to 200/min or more, and at a rectal tempera- 
ture of 41°C QO, consumption had risen by 15-20% above the minimum 
value. These observations demonstrate that the preceding experiments had 
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been conducted at the neutral temperature, at which the rate of O, consump- 
tion was minimal. 

It is well known that anoxia abolishes shivering in the adult animal or, 
put into other terms, that below the neutral temperature anoxia reduces O, 
consumption. This phenomenon was readily seen in lambs in which shivering 
was induced by cooling. Figure 16 illustrates such an experiment in a 60-day- 
old lamb of 12-7 kg body weight. The O, consumption at the start of the experi- 
ment, when it was breathing air at an environmental temperature of 19° C and 
with a rectal temperature of 39-7° C, was 120 ml./min. The lamb was then 
cooled by the use of ice, wet cloths and a fan, and at the beginning of the 
record shown in Fig. 16 its rectal temperature was 37-0° C and 0, consumption 
about 190 ml./min. When the O, content of the inspired air was reduced to 
10 %, shivering gradually ceased and the 0, consumption fell to 110 ml./min. 
When the O, content of the inspired air was raised, shivering began again and 
0, consumption increased. 

There are two interesting features of these experiments. First, under such 
conditions a large fall in O, consumption was often seen with a comparatively 
small reduction in the O, content of the inspired air, to between 10 and 15%; 
the arterial O, saturation was often well in excess of 50%. Secondly, the 
effect of anoxia upon breathing was different when the lamb was cool from 
that observed when it was warm. Figure 16 shows that there was an initial 
increase in tidal air and respiration rate, but this was not maintained. As 
shivering ceased and oxygen consumption decreased, there was a concomitant 
fall in the minute volume of ventilation. When the oxygen content of the 
inspired gas was raised once more, breathing became slow and periodic for a 
short while, and thereafter increased towards its initial level as shivering 
reappeared and oxygen consumption rose. 


DISCUSSION 


In the preceding account of the experimental results the depth of anaesthesia 
has been given particular prominence. One of the most useful guides to the 
sheep’s condition was the end-expiratory pO,, which can be measured rapidly, 
and was 111-127 mm Hg while breathing air under light anaesthesia ; the arterial 
O, saturation was 86-95%. It was evident that a comparatively small 
increase in the dose of anaesthetic had a large effect on the ability of the adult 
sheep to withstand anoxia, as judged by the cardiac output, the breathing and 
the O, carrying capacity of the blood. New-born lambs required less anaes- 
thetic to produce surgical anaesthesia; even 10 mg/kg chloralose was some- 
times sufficient in the first day after birth. Similarly new-born puppies require 
less pentobarbitone or chloralose for anaesthesia than do adult dogs. This 


greater sensitivity of new-born animals to anaesthetics made the execution 
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of the experiments ‘and comparison with the results observed in adult ewes 
more difficult. 
Oxygen consumption during anoxia 

In previous papers (Acheson et al. 1957; Dawes & Mott, 19596) it was shown 
that the O, consumption’ of foetal and new-born lambs falls substantially 
during anoxia. The foetal lambs were still attached to their mothers by the 
placentae and were not breathing; the new-born lambs were artificially 
ventilated. In the present paper all the new-born lambs and adult sheep were 
breathing spontaneously. The primary object of the experiments was achieved, 
that is, it was established, using the same methods of investigation, that the 
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Fig. 17. The O, consumption/kg body weight has been plotted against the arterial O, saturation 
for ten foetal lambs (@, from the data of Dawes & Mott, 19595) and for eleven lambs more 
than 1 day old (©, from Fig. 8) and for eleven lambs less than 1 day old with an initial 
O, consumption of 6-9 ml./kg.min (@, from Fig. 7). The vertical lines indicate the 95% 
confidence limits of the means and the horizontal lines the range of observations. 


QO, consumption of many new-born lambs fell during anoxia to a greater 
extent than that of adult sheep. It is also evident, however, that the situation 
is more complicated than was at first appreciated. 

The resting O, consumption of an anaesthetized foetal lamb is 4-5 ml./ 
kg.min when the arterial O, saturation exceeds 50%. When the arterial O, 
saturation is reduced to 20%, O, consumption falls to about 2 ml./kg.min 
(Fig. 17, @). Within a few hours of birth the resting 0, consumption begins 
to rise. In many lambs which are less than 1 day old it is about 7:5 ml./ 
kg.min while breathing air, and as the arterial saturation falls to 20° during 
anoxia there is a small fall of 0, consumption, but only to 6-5 ml./kg.min 
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(Fig. 17, @). Some change has therefore already taken place since birth, as 
a consequence of which the lamb maintains its consumption of oxygen at a 
higher level than under foetal conditions. Within 1-2 days of birth, and 
sometimes within 4—5 hr, 0, consumption rises even further, to a mean of 
about 11 ml./kg.min; in these lambs anoxia causes a larger fall of O, con- 
sumption than that seen immediately after birth, but not below 6-5 ml./ 
kg.min (Fig. 17, ©). Finally, during the next 2-3 weeks a further change 
occurs, 80 that lambs 20-60 days old maintain their 0, consumption at an 
even higher level during extreme anoxia, to an extent comparable with that 
seen in adult sheep. 

Now Hill (1958) has observed in new-born kittens and in adult guinea-pigs, 
which are relatively small in size, that at low environmental temperatures 0, 
consumption is increased even in the absence of visible shivering, and it is this 
increase in O, consumption which is also: particularly susceptible to hypoxia. 
The phenomenon of a fall in O, consumption during anoxia should therefore 
be considered under two heads. First, in any new-born animal below its 
neutral temperature (and it is to be noted that this may be high, above 
normal laboratory temperatures, for small animals) a small degree of oxygen 
lack (e.g. an inspired O, of 10-15%) may reduce oxygen consumption approxi- 
mately to that at the neutral temperature (Fig. 16). Secondly, and even at 
the neutral temperature, a rather more severe degree of anoxia (inspired 
O, <12%) may cause a reduction in oxygen consumption in the new-born 
lamb (Fig. 17, ©). So far as babies are concerned, the observations of Cross, 
Tizard & Trythall (1955, 1958) will have to be reconsidered from this point 
of view, since it is not known whether the babies were at or below their neutral 
temperatures. 

When there was a large fall of O, consumption in new-born lambs during 
hypoxia, the rectal temperature tended to fall. This would be consistent with 
a reduction in metabolic rate, in spite of anaerobic glycolysis. In two experi- 
ments the rate of energy production by anaerobic glycolysis (calculated from 
the rise of blood lactate, assuming that the lactate ion was evenly distributed 
throughout the entire body mass) was less than the energy deficit associated 
with the fall in O, consumption. 


Changes in cardiac output at birth 

The measurements of cardiac output were based upon the Fick principle. 
In the new-born animal the foetal channels are not fully closed for some days 
after birth, and it is necessary to consider what the quotient of 0, consumption 
and arteriovenous O, difference represents in the presence of an open foramen 
ovale and/or ductus arteriosus. Table 2 indicates these possibilities. It was 
assumed, in compiling this Table, that the valve of the foramen ovale prevents 
a left-to-right shunt through it. The combination of a left-to-right shunt 


by 
5 


338 K. W. CROSS, G. 8. DAWES AND JOAN C. MOTT 


through the ductus arteriosus with a right-to-left shunt through the foramen 
ovale (Table 2, 6) is improbable; if the pulmonary vascular resistance is 
sufficiently low to permit a left-to-right shunt through a patent ductus 
arteriosus, then pulmonary flow will be large and it is unlikely that inferior 
vena caval pressure will then exceed left atrial pressure. The only circumstance 
likely to lead to this combination is primary right-sided heart failure. Apart 
from this, Table 2 shows that when there is a left-to-right shunt through the 
ductus, application of the Fick principle results in measurement of right 
ventricular flow only; and where there is a right-to-left shunt through the 
ductus arteriosus or foramen ovale, it measures left ventricular flow only. 


TaBie 2. Application of the Fick principle to the measurement of 
cardiac output when the foetal channels are patent 


Meaning of 

Ductus Foramen O, consumption 

arteriosus ovale A-V 0, difference 
1 Closed Closed R.V. = L.V. output = systemic flow. 
2. Closed R —> L shunt L.V. output = systemic flow. 5 
3. R-+Lshunt Closed L.V. output = systemic flow ~ D.A. flow. 
4. R- Lshunt L.V. output = ~D.A. flow. 
5. L~Reshunt Closed R.V. output = systemic flow 
6. L—~Rehunt R-L shunt R.V. output + F.O. flow = systemic flow. 


R.V., L.V., right and left ventricle respectively; D.A., ductus arteriosus; F.O., foramen ovale. 


In either event the lower of the two ventricular outputs is the one calculated. 
In the new-born lamb, soon after birth, the ductus arteriosus is usually open; 
a murmur characteristic of left-to-right flow is usually heard for up to 2 days. 
As a lamb is made more and more anoxic the right ventricular pressure rises, 
and there is sometimes a tendency for systemic arterial pressure to fall. We 
must therefore envisage the possibility (Born, Dawes, Mott & Rennick, 1956) 
that during extreme anoxia, flow through the ductus may revert to the foetal 
direction, right-to-left. In such circumstances we would have calculated 
right ventricular output initially, while the lamb was breathing air, and left 
ventricular output towards the end of the period of anoxia. The results must 
be discussed with these considerations in mind. : 
First, there is apparently evidence of a considerable change in cardiac 
output at birth. In the mature foetal lamb, within 10 days of term, umbilical 
blood flow is about 130 ml./kg.min (Cooper, Greenfield & Huggett, 1949; 
Acheson et al. 1957). As about 55% of the combined output of both ventricles 
goes to the placenta (Dawes, Mott & Widdicombe, 1954), the output of both 
ventricles together is about 235 ml./kg.min. Barcroft & Torrens (1946), as 
a result of experiments using a cardiometer on three lambs of 129-141 days 
gestation age, calculated a combined ventricular output of 240 ml./kg.min. 
The evidence suggests that the output of the two ventricles is unequal, that of 
the left being 58% of the total (130 ml./kg. min) and that of the right 42°, 
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(100 ml./kg.min). The cardiac output (one ventricle only) of sixteen new-born 
lambs breathing air was 325+30ml./kg.min. There was no significant 
difference between the cardiac output of six lambs which had an 0, consumption 
of 7-0-8-5 ml./kg.min and that of the remainder which had an O, consumption 
of 10-5-16-0 ml./kg.min. We can be reasonably sure that this is a measurement 
of right ventricular output, and that within the first few hours of life the out- 
put of the left ventricle is considerably greater by reason of the left-to-right 
shunt through the ductus arteriosus (Dawes, Mott & Widdicombe, 1955), 
which may indeed be almost as large as the output of the right heart. 

These changes are even more remarkable when considered in relation to the 
volume of blood flow through the lungs and through the other tissues of the 
lamb. To take the lungs first, our previous calculations suggested that about 
12% of the combined ventricular output should pass through the foetal lungs 
(which would amount to 28 ml./kg.min). The observations on the cardiac 
output of new-born lambs therefore indicate that pulmonary blood flow has 
increased 11-5 fold at birth. Our previous direct measurements of flow through 
the left lung gave a 3-10 fold increase on artificial ventilation for 1-2 hr 
(Dawes, Mott, Widdicombe & Wyatt, 1953). 

Some 33%, of the combined ventricular output was calculated to pass 
through the foetal tissues, other than the lungs (Dawes et al. 1954); this would 
amount to about 75 ml./kg.min. It is therefore evident, taking these figures 
at their face value, that there has been an increase of more than fourfold in 
systemic blood flow at birth. There may have been a small increase in blood 
pressure, as between the foetus and the 1—2-day-old lamb, but this certainly 
does not amount to more than 40% at the very outside. We can therefore 
deduce that there has been a very large decrease in peripheral vascular 
resistance. | 

The conclusions arrived at in the preceding three paragraphs derive from 
estimations of foetal cardiac output which are based on measurements of 
umbilical blood flow and of the distribution of oxygenated blood within the 
foetal lamb with an open chest. Future experiments may show that the 
present estimates of foetal cardiac output are too low. There are two considera- 
tions which might lead to this suspicion. First, cardiometer measurements 
on open-chest adult animals give figures for cardiac output which are far below 
those based on the Fick method (Kenney, Neil & Schweitzer, 1951); our calcu- 
lations of foetal cardiac output agreed well with the cardiometric measurements 


_ of Bareroft & Torrens (1946). Secondly, it has been shown that new-born 


lambs require much less chloralose for general anaesthesia than do adult 
sheep; the foetal lambs which are still attached by the umbilical cord to 
their mother may therefore have been very deeply anaesthetized. However, 
if future experiments should show that foetal cardiac output has been 
underestimated, say by a factor of 3-4, this would certainly entail a very 
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considerable change from the present view as to the normal rate of blood flow 
within the different parts of the foetal circulation. 


Changes in cardiac output during anoxia 

We must now return to a comparison of the effects of anoxia on the cardiac 
output of the new-born lamb and the adult sheep. In the latter, cardiac 
output increased up to fourfold when the arterial O, saturation fell below 40°, 
(Fig. 12.4). As this was accompanied by no significant change in arterial 
blood pressure, it must be associated with systemic vasodilatation. In the 
20-60-day-old lambs we are certain that the foramen ovale and ductus 
arteriosus were anatomically closed; there was no significant increase in 
cardiac output, and no great change in blood pressure. Systemic vasodilata- 
tion cannot therefore have taken place to a comparable extent or, alternatively, 
if it did do so, cardiac failure must then have occurred so rapidly that we were 
unable to make the appropriate measurements. In the younger lambs we are 
on less certain ground because of the possible patency of the foetal passages. 
There was certainly no positive evidence of any increase in left or right ven- 
tricular output (whichever was least) during anoxia, up to the time at which 
breathing stopped. Further than that it is not possible to go. 

There is one further point. We have concluded that there is a large increase 
in cardiac output, pulmonary blood flow and systemic blood flow at birth. 
Now Figs. 12.4 and B relate the cardiac outputs of new-born and adult lambs 
to their surface areas, and it will be seen that they are approximately equal, 
ranging from about 4-8 |./m*.min. But when cardiac output is expressed in 
terms of body weight, that of the new-born lamb is three times that of the 
adult sheep (Fig. 18). Therefore not only has the cardiac output of the lamb 
increased greatly at birth, but it has increased to a value much in excess, 
per unit body weight, of that of an adult sheep breathing air. 

Breathing 

Even the youngest lambs showed an increase in the minute volume of 
breathing during anoxia, but in general the increase was rather greater in 
older lambs and adults. A similar difference has been observed in rats 
(Adolph, 1957). However, there was no evidence that the fall in 0, consump- 
tion during anoxia in young lambs, which was greater than that in older lambs 
or adult sheep, was dependent on this difference. In new-born infants Cross & 
Oppé (1952) showed that administration of 15% O, caused hyperpnoea, 
which was maintained for a few minutes only. They concluded that the failure 
to maintain hyperpnoea might be due to a depressant effect of oxygen lack 
upon the respiratory centre. It has been shown that this phenomenon can 
be produced in the new-born rabbit placed in a cool environment, but not in 
a warm environment (Dawes & Mott, 1959a). The same is true of the new-born 
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lamb (Fig. 16). The ability of an animal to maintain hyperpnoea during anoxia 
is therefore related to its environmental temperature, and once again it may 
be relevant that it is not known whether the observations of Cross & Oppé 
(1952) on new-born babies were executed at or below the neutral temperature. 

In some very young lambs respiration stopped when breathing 10-15% O,, 
and spontaneous breathing was not restored until a period of as much as an 


600 
E 400 
lo 
£ 
? 
200 
ro 
« 
20 40 60 80 
Body weight (kg) 


Fig. 18. The cardiac output per kg body weight has been plotted against body weight for lambs 
< 1 day old (@), 2-12 days old (©), 20-60 days old (@) and for adult sheep (@), all while 
breathing air. 


hour had elapsed, during which time the lamb was artificially ventilated. 
The implication of this observation is that, under anaesthesia, it is possible 
for a period of lack of oxygen to result in some change in the central nervous 
system or elsewhere which is reversible, but which in the absence of artificial 
respiration would lead to death. 


SUMMARY 


1. The new-born lamb required less chloralose to produce surgical anaes- 
thesia than the adult sheep, particularly in the first day after birth. 

2. The oxygen consumption of lightly anaesthetized adult sheep was well 
maintained, when the O, content of the inspired air was reduced to 6%. 


ef 
‘ 
~ 7 
2 


342 K. W. OROSS, G. 8. DAWES AND JOAN C,. MOTT 


In the new-born lamb at the neutral temperature and in the absence of 
shivering, there was a fall of up to 40%, varying according to the age of the 
lamb and the initial rate of O, consumption. 

3. Calculation suggests that cardiac output and systemic blood flow as well 
as pulmonary flow may have increased after birth. 

4. Cardiac output per kilogram body weight was greater in the new-born 
lamb than in the adult sheep. Anoxia caused no significant increase in cardiac 
output in new-born lambs; there was a 3-5 fold increase in adult sheep. 

5. In a few very young lambs in which respiratory failure had suddenly 
occurred while breathing 10-15% 0O,, prolonged artificial ventilation with 
air was required before spontaneous breathing was re-established. 

6. The flow in the inferior vena cava was measured in new-born lambs; 
the calculated O, consumption of the hind quarters decreased proportionately 
more than that of the whole lamb during anoxia. 

7. When a new-born lamb was cooled so that it began to shiver, 0, con- 
sumption and the minute volume of respiration increased. A small reduction 
in the O, content of the inspired air to 10-15% suppressed shivering and 
reduced 0, consumption to just below its initial level. In these circumstances 
there was only a transient increase in tidal air and respiration rate. 
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Research Council for travelling expenses of K.W.C.; and J. Farrant Esq. and H. B. Parry Esq. 
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SERUM PROTEINS, INCLUDING THYROXINE-BINDING 
PROTEINS, IN MATERNAL AND FOETAL RABBITS 
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(Received 27 October 1958) 


It has been shown (Hall & Myant, 1956) that when radioactive thyroxine 
is injected into pregnant rabbits very little radioactivity reaches the foetus 
if the injection is made early in pregnancy. If, however, the injection is made 
towards the end of pregnancy, at 24 hr after the injection the concentration 
of radioactive thyroxine in the foetal serum is found to have risen to nearly 
half the concentration in the maternal serum (Myant, 1958). These observa- 
tions could be explained by supposing that in the early stages of pregnancy the 
foetal serum has less power to bind thyroxine than the mother’s serum, and 
that as pregnancy advances, the binding power of the foetal serum increases. We 
have therefore investigated the binding of thyroxine by the serum of pregnant 
rabbits and their foetuses at different stages of pregnancy. In the course of 
the work it became necessary to study the relationship between the electro- 
phoretic components of maternal and foetal sera. 


METHODS 


Most of the rabbits used were of the Dutch or the Himalayan strains; a few were of mixed strain. 
They were given a diet of dried pellets (M.R.C. Diet No. 18; Bruce & Parkes, 1946) with an 
occasional supplement of fresh cabbage. Blood samples were taken from the mother by cardiac 
puncture. Blood was obtained from the foetuses either directly from the umbilical vein, or by 
opening the chest and sucking with a pipette from the chest cavity after the auricles had been 
opened. The anaesthetic used was pentobarbitone (30 mg/kg I.v.). 

L-Thyroxine, labelled with ‘I, was prepared and purified as described elsewhere (Myant, 1957). 
Electrophoresis on paper was carried out in Perspex tanks modified from the apparatus described 
by Wieland (1948), with a barbiturate buffer at pH 8-6 (Myant, 1957). Samples of serum (0-02 m!.) 
were put on to strips of Whatman No. 3 MM paper by spreading the sample along the edge of a 
glass coverslip and then holding the coverslip vertically with the edge just touching the paper. 
The current was passed for 18 hr at 100 V and 2 mA at room temperature. Radioactive thyroxine 
(0-05-0-10 yg of thyroxine containing 0-2 yc of ™I/ml. serum) was added to the serum, with or 
without extra carrier, at least 1 hr before the sample was put on to the paper strip. In order to 
correlate the protein bands in the foetal serum with those in the maternal serum, samples of foetal 
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and maternal sera were usually run side by side on the same strip of paper. Radioactivity 
along the papers was measured with a continuously recording scanner before the protein bands 
were stained with lissamine green. When necessary, the radioactive thyroxine was removed from 
the stained paper strips by washing for 2 hr in a mixture of ethanol (4 vol.) and 2." ammonia 
(1 vol.). The proportion of the total protein in each fraction was found by measuring the intensity 
of the staining along the paper with an automatically recording densitometer (Laurence, 1954). 
The amount of protein at each band was assumed to be proportional to the amount of dye taken 
up, the latter being estimated from the area under the peak recorded by the densitometer. Total 
proteins in the serum were estimated by the method of Cleland & Slater (1953). The concentration 
of each protein fraction in the serum was calculated from the total protein concentration and the 
proportion of the total in each fraction. 


RESULTS 
Protein pattern in maternal and foetal sera 

The pattern of proteins in the maternal serum, as shown by paper electro- 
phoresis, was the same at all stages of pregnancy from the 17th day until 
the end of gestation. Five distinct bands were present, but they differed 
slightly in their relative intensity and their electrophoretic mobility from the 
fractions observed on paper electrophoresis of human serum. In rabbit serum, 
all the bands except the a, moved slightly ahead of the corresponding bands in 
human serum (PI. 1, fig. 1). In rabbits the «, was closer to the «, than in 
humans and occasionally failed to separate from it completely. The B-globulin 
band was more intense than the a, and the «, was more intense than the «,. 
Occasionally, there was an additional band just behind the 8-globulin (PI. 1, 
fig. 2e). The presence of this band appeared to be due to haemolysis. This was 
confirmed by comparing the electrophoretic pattern shown by plasma to which 
haemolysed red cells had been added with that shown by plasma alone. In 
the first case (Pl. 1, fig. 29), two extra bands appeared behind the f-globulin, 
the faster one due to haemoglobin and the slower one to fibrinogen. With 
rabbit plasma alone (Pl. 1, fig. 2h) the slower band due to fibrinogen was 
clearly visible at the front of the y-globulins. 

When the papers were stained for polysaccharide (Koiw & Gronwall, 1952), 
the stain was taken up at the «, band but not elsewhere. After staining for fats 
(Swahn, 1952) the stain was present over the rear of the 8 band and the whole 
of the albumin, but not over the «, or «, bands. 

In foetal serum the pattern varied with the age of the foetus. At the 17th 
day, the earliest time at which observations were made, there was no detectable 
staining at the position corresponding to the albumin or the«,-and y-globulins, 
but there was a single broad band («8 band) extending over the whole of the 
area occupied by the «- and 8-globulins in maternal serum. From the 17th day 
until the end of pregnancy the pattern of staining in foetal seram changed 
gradually towards that of the maternal serum. 

By the 19th day (PI. 1, fig. 2a) a trace of albumin was usually present. 
Between the 20th and 22nd days a faint band appeared at the position of the 
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y-globulin. By the 22nd day (PI. 1, fig. 2) the intensity of the albumin band 
had increased and the «,- and £-globulins were clearly separated, the «, being 
the more intense of the two. The albumin and y-globulin bands increased in 
intensity throughout the remainder of pregnancy. The a, band was usually 
detectable by the 28th day (Pl. 1, fig. 2d), but in some cases it was seen in 
serum taken at the 26th day. Until the end of gestation, the intensity of the 
a, band was much greater than that of the «, and 8 bands, and the «, band was 
less intense than the 8. During the first few days of post-natal life the intensity 
of the a, band increased and that of the «, band decreased. By the second week 
of life the pattern as a whole was indistinguishable from that of the maternal 
serum. The band behind the f-globulin was seen in several samples of foetal 
serum, especially in those taken early in pregnancy. 


Tasxe 1. Concentration of protein (mg/100 ml.) in electrophoretic fractions of serum from 
foetuses of different ages and from adult rabbits at the 30th day of pregnancy 


Age of foetus (days) : 
20 22 26 28 90. NB rabbits 


Fraction 19 

Albimin 45 182 584 1205 1680 2610 2760 3382 
460 1 
y 15 6512 600 1764 695 698 
Total 


1042 «(1498 2400s 5499 
NB = One-day-old rabbit. = 

A dash denotes that the concentration of protein was not high enough to give detectable 
staining with lissamine green. Tests with known concentrations of protein showed that the mini- 


mum concentration detectable in a sample of 0-02 ml. was 6 mg/190 ml. No estimations were made 
on serum from 17- or 18-day-old foetuses. 


It should be noted that the change in the pattern of staining observed after 
the 20th day was due to a change only in the relative intensities of the different 
bands, the electrophoretic mobility of a given component remaining constant. 
This was shown by running samples of maternal and foetal serum in parallel 
on the same paper. Under these conditions the bands from the foetal serum 
always moved the same distance from the origin as those from the maternal 
serum. This is also shown in PI. 1, fig. 2, although in this case the alignment is 
not quite exact, presumably because the samples were not run on the same 
paper. Further, when electrophoresis was carried out on a mixture of maternal 
and foetal serum, the five bands of albumin and the globulins were no less 
sharp than those observed in maternal serum alone. The changes in the con- 
centration of the electrophoretic fractions of foetal serum are shown quanti- 
tatively in Table 1. 
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Binding of exogenous thyroxine by maternal and foetal serum 

The binding of thyroxine by maternal and foetal serum was investigated 
by measuring the radioactivity along the paper after radioactive thyroxine 
had been added to the serum before electrophoresis. When the concentration 
of added thyroxine was not more than about 5 .g/100 ml. of serum, radio- 
activity in the maternal serum was almost always confined to a single peak 
between the albumin and the «,-globulin (Text-fig. 1f). A small peak of 
radioactivity between the a,- and f-globulins and another over the albumin 
band were sometimes present. | 


(a) 


Text-fig. 1. Distribution of radioactivity along electrophoresis papers when *I-labelled thyroxine 

was added to the serum at a concentration of about 5 ug/100 ml. a, b,c and d, serum from 

foetuses at 19, 22, 25 and 28 days; e, serum from 8-day-old rabbit; /, serum from adult rabbit 

at 30th day of pregnancy. Arrow shows line of application of sample. Position of protein 
bands shown above each curve (A = albumin). 


When tested with the same solutions of labelled thyroxine as those used 
for maternal serum, the distribution of radioactivity in the foetal serum varied 
with the age of the foetus, and at all ages was different from that shown by the 
mother’s serum. Between the 17th and 20th days most of the radioactivity 
was confined to a single broad peak extending over the whole of the «8 band 
(Text-fig. 1a), with no trace of activity at the position corresponding to adult 
thyroxine-binding protein (TBP), i.e. the region between the albumin and « 
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in the mother’s serum. By about the 22nd day, when the a,- and £-globulins 
were clearly separated, most of the radioactivity was present as a single peak 
between the «, and f bands (Text-fig. 1b). The distribution of radioactivity 
showed little further change until about the 28th day, when a second peak 
appeared at a position corresponding to that of maternal TBP. The age at 
which this peak first appeared was rather variable. In one case it was just 
detectable at the 25th day; in another it was not detectable at the 28th day. 
Since the resolving power of the scanning apparatus was not high enough to 
give exact location of the radioactivity between the «, and 8 bands, more 
accurate location was obtained by making autoradiographs in some experi- 
ments on 22- and 25-day-old foetuses. In every case the band of blackening 
on the autoradiograph corresponded to the unstained area between the a, 
and 8 bands on the stained paper and did not extend to either of these bands. 


Binding of exogenous thyroxine by the serum of new-born rabbits 

These results showed that foetal serum contains a thyroxine-binding protein 
(foetal TBP) different from that in the mother’s serum, and that the adult 
type of TBP does not usually appear in the foetal circulation until 2 or 3 days 
before birth. This raised the question as to when the serum acquires the fully 
adult pattern. 

In serum from l-day-old rabbits the pattern of radioactivity was not 
consistently different from that in the serum of 30-day-old foetuses. Provided 
the rabbits were suckled by their mother, there was a gradual increase in the 
ratio of the height of the peak at adult TBP to that at foetal TBP. By the 
8th day (Text-fig. le) the peak at adult TBP was usually the higher of the 
two, although the results differed rather widely from one litter to another. 
By the end of the second or third week of life the peak at foetal TBP was 
scarcely detectable. In many samples of serum from new-born rabbits there 
was a clearly marked peak at the albumin, though this was seldom seen with 
serum from foetuses or adult rabbits. 


Binding of endogenous thyroid hormone 

Endogenous thyroid hormone in the foetal serum was labelled by giving 
the mother an injection of 500 uc of carrier-free radio-iodide 30 hr before the 
blood samples were taken. Samples were obtained from foetuses at the 20th, 
25th, 26th and 28th days of pregnancy. At the 20th day there was a broad 
peak of radioactivity at the a8 band. At the 25th and 26th days there was a 
sharp peak between the «,- and f-globulins and a smaller peak over the albumin, 
but none at the position corresponding to adult TBP. At the 28th day (Text- 
fig. 2a) these two peaks were present, but there was also a small peak at the 
‘position of adult TBP. When the paper strips were washed with alcoholic 
ammonia, nearly all the radioactivity at foetal and adult TBP was removed, but 
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that on the albumin remained unchanged (Text-fig. 2b). This suggests that the 
radioactivity present in the albumin fraction is due to the presence of iodine 
which is part of a protein molecule. This protein may be analogous to the 
iodinated compound which appears in the serum of humans given very large 
doses of radio-iodine, and which has been shown to have the same electro- 
phoretic mobility as albumin (Robbins, Rall & Rawson, 1955). 

When non-radioactive thyroxine was added to the 28-day foetal serum to 
give a concentration of 40 4g/100 ml., nearly all the radioactivity disappeared 
from the peak at foetal TBP and that at adult TBP was increased. 


A a; a; BHb y 
— =a 


926 


+ 
se 
A B 
b 
¢ 
b 
Fig. 2 Fig. 3 


Text-fig. 2. a, distribution of radioactivity along electrophoresis paper from serum of 28-day-old 
foetus taken 30 hr after injection of radio-iodide, showing three peaks of radioactivity at 
albumin, adult TBP and foetal T'BP; 6, the same after washing the paper with alcoholic 
ammonia. Note presence of band (Hb) behind §-globulin, due to haemolysis. 

Text-fig. 3. a, distribution of radioactivity along electrophoresis paper from a mixture of equal 
parts of serum from 19-day-old foetuses and the serum from their mother, with the addition 
of 5 wg of I-labelled thyroxine/100 ml. ; b, the same, but with serum from 25-day-old foetus 
mixed with maternal serum. 


Competition between maternal and foetal TBP 
The partition of thyroxine between maternal and foetal sera was studied 
in vitro by adding radioactive thyroxine (5 .g/100 ml.) to mixtures of equal 
volumes of maternal and foetal serum taken at different stages of pregnancy. 
The mixtures of serum, containing radioactive thyroxine without extra carrier, 
were allowed to stand for 2 hr before electrophoresis was begun. In each 
experiment the samples of serum were taken from a pregnant rabbit and its 
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At 17 and 19 days (Text-fig. 3a) almost all the radioactivity in the mixture 
was present at the position of the adult TBP. Since foetal serum at 17 and 
19 days contains no adult TBP, the binding of thyroxine at the position of 
adult TBP must have been due entirely to the presence of the TBP contributed 
by the mother’s serum. At 20 days a small peak appeared at the position of 
foetal TBP, in addition to that at adult TBP. From then until about the 
28th day an increasing proportion of the total radioactivity was bound by 
foetal TBP. The partition of radioactive thyroxine between maternal TBP 
and TBP in the serum of a 25-day-old foetus is shown in Text-fig. 3b. During 
the last day or two of pregnancy this change was reversed, the proportion of 
the total radioactivity bound by adult TBP increasing slightly. 


Binding capacity of maternal and foetal TBP 

The results obtained with mixtures of serum suggested that foetal TBP has 
less ability to bind thyroxine than adult TBP, especially during the early 
stages of pregnancy. Binding power was therefore studied in greater detail 
by observing the effect of increasing concentrations of thyroxine on the 
distribution of radioactivity in maternal serum, in foetal serum, and in 
mixtures of the two. 

With maternal serum alone there was usually no change in the distribution 
of radioactivity until the concentration of thyroxine exceeded 300 yg/100 ml. 
As the concentration was raised above this level, radioactivity was found 
increasingly at the albumin and the «- and f-globulins. However, even at a 
concentration of 800 »g/100 ml. a high proportion of the radioactivity remained 
on the TBP (Text-fig. 4a). 

When foetal serum alone was used, the results varied with the stage of 
pregnancy. At all stages the peak of radioactivity at foetal TBP was broader 
and flatter with 30 than with 5 yg of thyroxine/100 ml. of serum. Concentra- 
tions between these two levels were not tested, so that the lowest concentra- 
tion required to cause a change at different stages of pregnancy is not known. 
However, the change in the distribution of radioactivity at 30 ug/100 ml. was 
most marked with the youngest foetuses. With serum from 25-day-old foetuses, 
separate peaks appeared over the globulin bands as the concentration of 
thyroxine was raised above 30 g/100 ml. (Text-fig. 4b), but even at the highest 
concentration tested (230 ug/100 ml.) a peak of radioactivity did not appear 
over the albumin. At 30 days, high concentrations of thyroxine led to the 
appearance of peaks of radioactivity over the globulin and the albumin bands, 
and to an increase in the height of the peak at adult TBP. 

For all experiments on the effect of thyroxine on the distribution of radio- 
activity in mixtures of maternal and foetal serum, 25-day-old foetuses were 
used. As the concentration of thyroxine was raised there was an increase in 
the ratio of the amount of radioactivity at adult TBP to that at foetal TBP 
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(Text-fig. 4c). An attempt was made to find the maximum ratio obtainable 
(see Discussion), but this could not be done with any accuracy, owing to the 
difficulty of estimating the area under the peak at foetal TBP when this 
became very small at high concentrations of thyroxine. However, at the 
highest concentrations used (400 ug/100 ml.) the adult TBP in the mixture 
bound at least ten times as much radioactivity as the foetal TBP. 


@ 


Text-fig. 4, Effect of increasing the concentration of thyroxine on the distribution of I-labeled 
thyroxine in a sample of a, maternal serum; b, serum from a 25-day-old foetus; c, & mixture 
of maternal serum and serum from a 25-day-old foetus. Concentration of thyroxine (g/ 
100 ml. of serum) shown for each curve. Note that the total amount of radioactivity present 
on the electrophoresis paper at the time of measurement is not the same in every experiment. 
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DISCUSSION 
Changes in serum protein pattern during foetal development 

We have described the electrophoretic fractions of rabbit serum in terms of the 
system of lettering originally used for human serum, although the bands 
observed under identical conditions in the two species do not coincide (PI. 1, 
fig. 1). This requires some justification, the more so since Brambell, Hemmings, 
Henderson & Kekwick (1953) interpret their observations obtained with moving 
boundary electrophoresis as showing one a-globulin and two f#-globulins in 
rabbit serum. The fact that the band we have called a, occasionally merges 
with the one in front of it but never with the one behind, suggests that it is 
an a- rather than a f-globulin. The finding that the stain for polysaccharide 
is taken up at the a, band, but the stain for lipid is not, is also consistent with 
this view. Finally, when radioactive inorganic iron is added to rabbit serum 
in quantities insufficient to saturate the iron-binding f-globulin, it is concen- 
trated selectively at the 8 band, none appearing at the a, band (Osorio & 
Myant, unpublished). 

The results with paper electrophoresis show that the electrophoretic pattern 
of the serum proteins does not acquire the fully adult form until some time 
after birth, and that the different components do not all become detectable 
in the serum at the same time. The first two components to be clearly detectable 
are the a,- and f-globulins. These are followed by albumin and y-globulin, 
the «,-globulin only appearing at the end of pregnancy. Since the foetal 
proteins, with the possible exception of the «8-globulin, have the same electro- 
phoretic mobility as the maternal proteins, it is impossible to decide from these 
results whether a given protein first makes its appearance in the foetal serum 
because the placenta has become permeable to it or because the foetus has 
begun to synthesize it. Brambell, Hemmings, Henderson, Parry and Row- 
lands (1949) have shown that antibodies can cross from the mother to the 
foetus at the 24th day. The anatomical changes undergone by the placenta in 
the rabbit also suggest that placental permeability increases markedly in the 
later stages of pregnancy. It is possible, therefore, that the «,-globulin and 
adult TBP, which do not appear until placental permeability is likely to be 
high, are entirely derived from the mother. However, this is unlikely to be the 
case with proteins which appear in the foetal serum in early pregnancy. 
Moreover, if the earliest appearance of all the proteins in the foetal serum is de- 
termined by diffusion across the placenta, proteins with the smallest molecular 
weight should be the first to appear. In this case, albumin should appear 
in the foetal serum before the globulins. Another point in favour of foetal 
synthesis of plasma protein at an early stage of pregnancy is the high concentra- 
tion of the «,-globulin (Table 1). If this is derived from the mother, it must be 
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assumed that the placenta is able to move plasma protein against a concentra- 
tion gradient. 

As judged by the analysis based on paper electrophoresis, the concentration 
of the «,-globulin in foetal serum is both relatively and absolutely higher than 
that in maternal serum throughout the last week of pregnancy. Brambell et al. 
(1953), on the other hand, found that the concentration of -globulin was 
higher in the serum of 25-day-old foetuses than in maternal serum, and that 
the concentration of «-globulin was lower. This discrepancy may be due, at 
least in part, to a difference in interpretation, since it is possible that the 
zone described by Brambell et al. (1953) as a fast-moving component of the 
B-globulins is the «,-globulin described here. 


Foetal thyroxine-binding protein 

All the serum proteins are capable of binding thyroxine to some extent, but 
this property is most likely to be physiologically significant when the binding 
affinity is high. It therefore seems preferable to restrict the term ‘thyroxine- 
binding protein’ to proteins with a high binding affinity. In this sense, it is 
clear that there is a specific thyroxine-binding protein in foetal serum, since 
radioactive thyroxine is bound by a protein present in so low a concentration 
that it does not give detectable staining with lissamine green. Foetal TBP 
is certainly present by the 22nd day and is detettable in the serum for some 
time after birth, but it is difficult to be sure when it first appears. The binding 
of radioactive thyroxine at the «8 band in samiples of serum taken at the 
19th day (Text-fig. 1a) may be due to the presence of foetal TBP, since the 
peak of radioactivity has its maximum at about the same position as in serum 
from older foetuses. However, it is also possible that this peak is due to the 
presence of «8 proteins with low affinity which are able to bind thyroxine in 
the absence of competition with any other proteins. 

Although we have defined a thyroxine-binding protein in terms of binding 
affinity, in considering the partition of thyroxine between two proteins in a 
mixture, the binding capacity of each protein must also be taken into account. 
If c, and ¢, are the concentrations of the two proteins in moles per unit volume 
of serum and if n, and n, are the numbers of binding sites per molecule, the 
binding capacity in unit volume of serum due to protein 1 will be cn, = N, 
moles of thyroxine, and that due to protein 2 will be c.n, = N,. If it is 
assumed that each protein contains only one type of binding site, that there is 
no interaction between sites and that the ratio of free to bound thyroxineis very 
low, it may be shown that: 

T, 


where 7’, and 7’, are the concentrations of thyroxine bound to the two proteins, 
and k, and k, are their binding affinities. 
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At high concentrations of thyroxine, such that most of the binding sites 
of one or more of the proteins are filled, this relationship ceases.to hold. This 
can readily be seen by considering a mixture of two proteins, one with high 
affinity but low capacity, and the other with low affinity and high capacity. If 
thyroxine was added gradually to the mixture, the protein with the higher 
affinity would be the first to become saturated. If the concentration of 
thyroxine was raised above this level, the first protein would be unable to bind 
any more thyroxine, but the amount bound by the second protein would 
increase until it also was saturated. At this point, the amount of thyroxine 
bound by each protein would be proportional to its capacity and independent 
of its affinity. 

When radioactive thyroxine is added to adult rabbits’ serum in low con- 
centrations, TBP binds nearly all the thyroxine, since its affinity is many 
times greater than that of any other serum protein in the adult rabbit. At 
higher concentrations, when the binding sites on TBP approach satdration, 
thyroxine is bound increasingly by other serum proteins with lower affinity 
but higher capacity. This is shown by a broadening of the main peak of radio- 
activity and the appearance of new peaks, especially at the «- and £-globulins. 
The lowest concentration of thyroxine at which there is a change in the distri- 
bution of radioactivity should provide an index of the binding capacity of 
TBP, as defined above. A comparison of Text-fig. 4a with Text-fig. 46 shows 
that there is little displacement of radioactivity from the main peak when the 
concentration of added thyroxine in adult serum is 300 g/100 ml., whereas 
there is marked displacement in foetal serum ata concentration of 30.g/100 ml. 
Similar results were also obtained when thyroxine was added to endogenously 
labelled serum from a 28-day-old foetus. This suggests that the binding capacity 
of the TBP in a given volume of maternal serum is at least ten times the 
binding capacity of the TBP in the same volume of serum from 25- to 28-day- 
old foetuses. However, since it is difficult to determine exactly when dis- 
placement of radioactivity begins, this estimate can only be regarded as a very 
rough one. It could also be argued that the comparison is not strictly valid, 
since the binding capacity of the serum proteins competing with TBP for 
thyroxine is unlikely to be the same in maternal and foetal sera. Theo- 
retically, this objection could be met by studying the effect of increasing 
concentrations of thyroxine on the partition of thyroxine between adult and 
foetal TBP in a mixture of maternal and foetal serum. As explained above, 
the ratio of the amounts of thyroxine bound by the two TBP’s should reach 
a limiting value equal to the ratio of their binding capacities. The experiments 
carried out to determine this ratio did not give a clear-cut answer. However, 
the results (Text-fig. 4c) were consistent with the conclusion that the binding 
capacity per unit volume of maternal serum is at least ten times that of the 
foetal serum at the 25th day of pregnancy. | 
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The observations on the partition of radioactive thyroxine between the 
TBP in maternal serum and the foetal TBP in the serum from foetuses of 
different ages (Text-fig. 3a, b) show that the proportion of the total thyroxine 
bound by foetal TBP increases until one or two days before birth. This suggests 
that there is an increase in the binding capacity of foetal TBP. Since it is 
unlikely that the number of sites per molecule would change during foetal 
development, the increase in capacity is presumably due to an increase in 
concentration. The fall in the proportion of radioactive thyroxine bound by 
foetal TBP at the end of pregnancy may be due to a decrease in the concentra- 
tion of foetal TBP as birth approaches. However, it could equally well be due 
to the appearance of adult TBP in foetal serum, as shown in Text-fig. 1d. 
This would tend to increase the amount of thyroxine bound by adult TBP in a 
mixture of maternal and foetal serum, at the expense of that bound by 
foetal TBP. 

As indicated above, when thyroxine at low concentrations is shared between 
two binding proteins, the amount bound by each protein is proportional to the 
product of its affinity and its capacity. Text-fig. 3b shows that when radio- 
active thyroxine at low concentration is added to a mixture of maternal 
serum and serum from a 25-day-old foetus, the foetal TBP binds nearly half 
as much thyroxine as adult TBP. Since it was shown, from the experiments 
with high concentrations of thyroxine, that the binding capacity of foetal TBP 
is less than 1/10 that of maternal TBP, this suggests that the binding affinity 
of foetal TBP is at least five times that of maternal TBP. 

The observations on maternal and foetal serum in vitro may help to explain 
the apparent increase in placental permeability to thyroid hormone observed 
during the last ten days of pregnancy (Myant, 1958). If the placenta is 
impermeable to TBP, but permeable to unbound thyroxine, an increase in the 
binding capacity of the foetal serum would tend to increase the foetal: maternal 
thyroxine concentration ratio at equilibrium. It should not be assumed that a 
change in the binding capacity of foetal serum is the only factor that influences 
the partition of thyroid hormone between mother and foetus. It is possible, 
for instance, that the placenta becomes permeable to maternal TBP during the 
last day or two of pregnancy, since adult TBP begins to appear in foetal 
serum at this time (Text-fig. 1d). It must also be pointed out that the 
partition of thyroxine between maternal and foetal TBP observed during 
paper electrophoresis at pH 8-6 is not necessarily the same as the partition 
which would occur under physiological conditions. 

The appearance of a thyroxine-binding protein in the foetal serum must 


” tend to draw thyroid hormone from the mother into the foetus. However, if 


this is the only function of foetal TBP, it is difficult to see why it does not 
appear until the foetal thyroid begins to function. Perhaps the chief function 
of foetal TBP is not so much to enable the foetus to get a supply of hormone 
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from the mother, as to enable it to retain the hormone made by its own 
thyroid. The high binding affinity of foetal TBP would enable it to carry out 
this function most effectively at the lowest concentrations of thyroid hormone. 


SUMMARY 


1. The serum from foetuses aged 17 to 30 days and from new-born and 
adult rabbits was examined by paper electrophoresis. The concentration of 
protein in each electrophoretic fraction was also determined. 

2. At the 17th day of pregnancy albumin and y-globulin were not detectable 
in foetal serum. Albumin appeared at the 19th day. From then until birth 
the protein composition changed towards that of adult serum, but did not 
become indistinguishable from this until the second week of post-natal life. 

3. The binding of thyroxine by foetal and maternal sera was studied by 
measuring the radioactivity along the paper after electrophoresis of samples 
to which thyroxine labelled with I had been added on vitro. 

4. In adult serum, thyroxine was bound by a protein (adult TBP) which 
moved between albumin and the «,-globulin on paper electrophoresis. Foetal 
serum did not contain detectable amounts of adult TBP until the 28th day 
of pregnancy. From about the 19th day of pregnancy, foetal serum contained 
a binding protein (foetal TBP) which moved between the «,- and 8-globulins. 

5. The binding capacity of the foetal TBP in serum from a 25-day-old 
foetus was about 1/10 that of the capacity of adult TBP, as judged from the 
amount of non-radioactive thyroxine required to displace radioactivity from 
the main peak on the electrophoresis paper. 

6. From the amounts of thyroxine bound by foetal and adult TBP in a mix- 
ture of foetal and maternal serum, and from their relative binding capacities, 
it is concluded that the affinity of foetal TBP for thyroxine is about five times 
that of adult TBP. 

7. The role of foetal TBP in determining the distribution of thyroid hormone 
between mother and foetus is discussed. 


We are greatly indebted to Drs D. J. R. Laurence and G. Popjdk for discussion and criticism, 
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EXPLANATION OF PLATE 


Fig. 1. Paper electrophoresis of serum from an adult rabbit (R) and from a normal human (#). 
The two samples were run in parallel on the same strip of paper. 

Fig. 2. Paper electrophoresis of serum from foetal, new-born and adult rabbits. a, b,c and d, 
serum from foetuses at 19, 22, 26 and 28 days; ¢, serum from new-born rabbit on day of birth; 
f, serum from adult rabbit at 30th day of pregnancy; g, adult rabbit’s plasma with haemolysed 
red cells, showing bands due to haemoglobin (Hb) and fibrinogen (Fn); h, adult rabbit’s plasma 
without haemolysed red cells, showing band due to fibrinogen (Fn). Note presence of band 

behind B-globulin in e, due to haemolysis. 
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THE IDENTIFICATION OF ONE ACTIVE COMPONENT 
FROM BRAIN EXTRACTS CONTAINING FACTOR I 


By H. MCLENNAN 
From the Department of Physiology, University of British Columbia, 
Vancouver 8, B.C., Canada 


(Received 29 October 1958) 


The biological actions and the properties of a factor (Factor I) occurring in 
mammalian brain, which possesses some of the properties to be expected of 
a transmitter released by inhibitory neurones, have been the subject of a 
number of papers (Florey, 1954; Florey & McLennan, 1955a, b, 1959; Baze- 
more, Elliott & Florey, 1956, 1957; Elliott & Florey, 1956; McLennan, 1957). 
Bazemore et al. (1956, 1957) have sought to isolate an active ingredient of 
these extracts, and reported that y-aminobutyric acid (GABA) could be identi- 
fied, and that this substance was highly active on the crayfish stretch receptor 
preparation (Florey, 1954) which was used as their test object for Factor I 
activity. The presence of GABA in brain in high concentration has been known 
for some years (Awapara, Landua, Fuerst & Seale, 1950; Roberts & Frankel, 
1950; Udenfriend, 1950), and its inhibitory action on the crayfish stretch 
receptor has been confirmed (McLennan, 1957). 

There is, however, serious doubt whether GABA can be regarded as the 
substance responsible for the whole complex of actions observed with Factor I. 
Its effects on preparations derived from animals other than those of the phy- 
lum Crustacea are often different from those of Factor I, or it may have no 
action under circumstances in which Factor I is active (McLennan, 1957; 
Florey & McLennan, 1959). Even with crayfish as experimentai animals 


differences between Factor I and GABA can be demonstrated (E. Florey, — 


personal communication). It is possible to prepare Factor I solutions which 
contain no detectable GABA (McLennan, 1958). Finally, the application of 
GABA to a single neurone of the mammalian central nervous system appears 
to rule it out as a possible inhibitory transmitter (Curtis & Phillis, 1958), 
although it does possess certain anti-excitatory properties. The identity of the 
active component or components in the extracts containing Factor I is 
therefore still to be sought. 
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In the present experiments resolution of solutions containing Factor I was 
attempted, using the techniques of paper chromatography. After two- 
dimensional separation, papers were either sprayed to reveal spots which 
could tentatively be identified with known chemical compounds, or cut up 
into squares and eluted for biological testing. It was felt necessary to use 
more than one biological test object, since it is clear that the crayfish stretch 
receptor used by Bazemore et al. (1956, 1957) can give misleading results. 
The outcome of the present investigation has been to show that Factor I can 
be resolved into two distinct active fractions when the crayfish stretch receptor 
is used as a test object. One of these fractions may contain some GABA, but 
another active component which appears more nearly to resemble Factor I 
in its actions is y-guanidinobutyric acid. The nature of the active ingredient 
in the second Factor I fraction remains in doubt. 


METHODS 
Chemical 

Solvent mixtures, The following solvent systems have been used for paper chromatography. 
(a) n-butanol-glacial acetic acid—water 4: 1:5 (v/v); (6) n-butanol-formic acid—water, 12: 1:1 (v/v), 
refluxed 1 hr, 6 parts water added to the hot mixture (Wiggins & Williams, 1952); (c) n-butanol- 
ethanol-acetic acid—water 8:2:1:3 (v/v); (d) water-saturated n-butanol; and (e) aqueous phenol 
80% (w/w). The most frequently combined pairs of solvents for two-dimensional chromatography 
have been ‘a’ and ‘b’, ‘a’ and ‘c,’ and ‘a’ and ‘e’. 

Factor I preparations treated with any of the butanol-containing solvents can be eluted from 
the papers after air drying at room temperature, and tested directly on the biological preparations. 
Papers developed with phenol require treatment to remove the last traces of this substance before 
elution, for phenol interferes markedly with the biological tests. The papers were therefore 
thoroughly washed after their initial air drying, first in benzene and then in n-hexane, followed 
by | hr heating at 90° C. Control tests showed that no loss of Factor I activity occurred as a result 
of this procedure. 

Paper. All experiments involving two-dimensional separations were performed on large sheets 
(18} x 22} inches; 46 x 57 cm) of Whatman No. 4 filter paper. Descending chromatograms were 
run eight at a time in a sealed cabinet, at temperatures ranging between 21 and 24°C. The 
temperature in the cabinet did not vary more than 0-4°C during any one run. Some one- 
dimensional chromatograms were run on 1 x 30 inches (2-5 x 76 cm) strips of Whatman No. | paper. 

Preparation of Factor I. Ox brain extracts containing Factor I were prepared by the method 
of Florey & McLennan (19555), save that for chromatographic purposes the final solution was 
made up in water. Volumes of this solution applied to the papers varied between 0-1 end 1-0 ml., 
depending upon the nature of the experiment. Larger volumes were applied over a period of hours 
in successive small portions, the paper being allowed to dry at room temperature between 
applications. 

Staining procedures. In a preliminary survey, two-dimensional chromatograms of Factor I 
were sprayed with a number of different reagents in order to eliminate certain groups of com- 
pounds from the list of possible active components of Factor I. In this way it was possible to 
establish that Factor I solutions did not contain detectable amounts of carbohydrates, phosphate 
esters, purines and pyrimidines, adrenaline-like compounds, phenolic compounds, polypeptides, 
amine esters, and sulphur-containing amino acids. 

ronctions and which have been used repeatedly in 
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this study were (a) 0-4 % ninhydrin in ethanol, (b) the Sakaguchi reagent (Acher & Crocker, 1952) 
and (c) he eelies Sey reagent (Bregoff, Roberts & Delwiche, 1953). 
Syntheses. B idinopropionic acid and y-guanidinobutyric acid were synthesized from 


p-alanine and y-aminobutyric acid, respectively, by the method described by Brand & Brand 
(1955) for the preparation of guanidinoacetic acid. 


Biological 
Crayfish stretch receptor. This preparation has been described in detail by Florey (1954), and its 
use as a routine test object for Factor I activity by Elliott & Florey (1956). Crayfish used were of 
the species Astacus trowbridgii and were obtained from various waters in British Columbia. 
Solutions to be applied to the stretch receptor neurones were made up in the physiological medium 
described by van Harreveld (1936), and were adjusted to a pH between 6-5 and 6-8 before testing. 

Sea urchin oesophagus. The oesophagi of sea urchins (Strongylocentrotus drobachiensis) were 
suspended in 10 ml. organ baths, filled with cooled (12-15° C) aerated sea water. Samples to be 
added to the bath were prepared in the same medium, and Factor I activity was observed as the 
ability of a given sample to depress the response of the oesophagus to a standard dose of acetyl- 
choline. Certain results obtained with this preparation have been described by Florey & McLennan 
(1959). The animals were obtained as required from Vancouver Harbour. 

These two preparations were selected as having roughly equal sensitivities to stock Factor I 
solutions. Using the ‘crayfish units reference’ (c.u.r.) notation of Elliott & Florey (1956), the 
following average relative sensitivities were obtained: Factor I required completely to block the 
crayfish stretch receptor neurone discharge for 10 sec, 1 c.u.r./ml. (by definition); to cause 50% 
inhibition of acetylcholine contraction of the sea urchin oesophagus, 0-5-1 c.u.r/10 ml. bath. 


RESULTS 


When two-dimenstional chromatograms of Factor I solutions are cut and 
eluted, and the eluates tested on the crayfish receptor preparation, in most 
instances two main active areas can be detected. The ranges of the Ry values 
for these spots in several solvent systems are shown in Table 1. 


TaBiz l. Average Rp values for active areas on developed paper chromatograms of Factor I, 
tested on the crayfish stretch receptor neurone. All determinations were made at least five 
times 


Solvent Rp of active areas (range) 
Butanol-acetic acid—water 0-2 (0-1-0-3); 0-42 (0-3-0-55) 
Butanol-formic acid—water 0-15 (0-05—-0-25) ; 0-37 (0-25-0-45) 
Butanol-ethanol-acetic acid—water 0-25 (0-2-0-35) ; 0-50 (0-45-0-55) 
Butanol—water 0-25 (0-2-0-3) 

Phenol—water 0-25 (0-2-0-4); 0-85 (0-75-0-9) 


The claim of Bazemore et al. (1956, 1957), that GABA could be isolated 
from brain extracts possessing Factor I activity and that this substance was 
highly active on the crayfish, led to a determination of the R, values for this 
compound under the same conditions as those for Factor I. It appeared that 
of the two active areas indicated in Table 1, that with the higher R, values 
might be ascribed to the GABA content of the extracts (cf. Table 3). 

However, it has proved possible to prepare brain extracts which show no 
chromatographic evidence of the presence in them of GABA, and which yet 
retain full Factor I activity as measured on the crayfish (McLennan, 1958). 
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This observation has been repeated in the course of the present experiments. 
The following conclusions were tentatively drawn from these observations. 


1. Full Factor I activity is not dependent on the presence of GABA in the 
brain extract. 


2. GABA may be formed during preparation of the extracts from some pre- 
cursor which itself is active on the crayfish stretch receptor to about the same 
extent as is GABA. 


3. This precursor shows Factor I activity on those preparations where GABA 
is inactive (McLennan, 1957). 


Three brain extracts prepared some months apart showed identical activity 
on the crayfish stretch receptor, but two gave chromatographic evidence for 
the presence of GABA and the third did not. The protocols recorded during 
the preparation of these batches of Factor I were therefore inspected to see if 
some procedural difference could be found which might account for the final 
end result. The only such difference was the length of time taken for the 
evaporation in vacuo of the dialysate from its initial volume of about 6 1, to 
about 50 ml. (Florey & McLennan, 19555). Table 2 records the observations 


made. 
TaB_e 2, Presence of GABA in Factor I preparations 


Time for evaporation Presence of GABA on pa 


of Factor I solution chromatograms of Factor 1 run 
Date in vacuo at 40-50° C. in butanol-acetic acid—water and 
| (br) aqueous phenol 
7 January 16 Just detectable 
9A 8 Not detectable 
17 June 40 Very evident 


It seems probable that the length of time at which the solution containing 
Factor I is held at 40-50° C affects the amount of GABA in it. Whether the 
appearance of GABA in the preparation of 17 June was the result of an 
autolytic process, or whether the bacterial contamination which was noted 
towards the end of the period of evaporation was a contributing factor, could 
not be decided. It was also observed that on storage GABA gradually appeared 
in the extract of 9 April, which initially was without GABA. The extract was 
stored in the refrigerator as an alcoholic solution at a pH between 2-5 and 3-0, 
and it therefore seems possible that a gradual hydrolysis took place both in 
this extract and in that of 17 June, with the production of GABA, When the 
stock solution of 9 April was finally exhausted (at the beginning of June) its 
activity on the crayfish test object was as strong as that of the freshly pre- 
pared extract, and at that time the presence of GABA was very evident. 
From this it was concluded that GABA and its postulated unknown precursor 
had probably roughly the same degree of potency. 

In order to test for the presence and activity of the unknown Factor I 
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component it was necessary to use a preparation of the same general degree 
of responsiveness as the crayfish neurone to Factor I, but one which was itself 
not affected by GABA. Such a test object was provided by the sea urchin 
oesophagus, in which the acetylcholine contractions are strongly inhibited by 
Factor I solutions but are unaffected by GABA in concentrations as high as 
100 »g/ml. bath fluid (Florey & McLennan, 1959). 

Elution of the two main active areas on the chromatograms, and the 
subsequent test of the solutions on the acetylcholine-stimulated sea urchin 
oesophagus preparation, revealed that the one with the lower Rp values in 
all solvents was strongly active, and that the other possessed some anti- 
acetylcholine activity as well. It appeared quite definite therefore that 
there must be some other constituent to the higher R, spot in addition to 
GABA. It remained to attempt the identification of these two unknown 
active components. 

The two Factor I fractions may conveniently be called ‘A’ and ‘B’ and 
their characteristics are summarized in Table 3 and Fig. 1, together with those 
of a number of pure compounds. It should also be repeated that fraction ‘ B’, 
and perhaps ‘A’ as well, seemed likely to be related to GABA, either in 
that they yielded it on break-down or that they resembled it structurally. The 
activity of both fractions on the two biological preparations used was com- 
pletely destroyed by treatment with nitrous acid, as was the activity of GABA 
towards the crayfish stretch receptor preparation. 

Of the compounds tested by Elliott & Florey (1956) and by Bazemore et al. 
(1957), for their ability to block the crayfish stretch receptor neurone dis- 
charge, only y-amino-f-hydroxybutyric acid rivalled GABA in effectiveness. 
B-alanine and $-aminovaleric acid were much less active and «, y-diamino- 
butyric acid was even weaker. These results have been essentially confirmed 
in the course of the present investigation. y-amino-8-hydroxybutyric acid 
has been shown to be very similar to GABA (McLennan, 1957) in its biological 
actions. The other compounds mentioned blocked the stretch receptor dis- 
charge in concentrations 10-200 times larger than that required for GABA. 
Figure 1 further shows that, with the exception of 5-aminovaleric acid, none 
of these substances move on the chromatograms to positions near those 
occupied by either fractions ‘A’ or ‘ B’ of Factor I and therefore are unlikely 
to be the active ingredients sought. | 

A recent report by Kuriaki, Yakushiji, Noro, Shimizu & Saji (1958) seemed 
to indicate one promising possibility. These authors reported the presence in 
dog brain of y-aminobutyrylcholine (GABCh), an ester which had certain 
unexpected biological properties. It had an Ry value in butanol-ethanol-acetic 
acid—water of about 0-2, and yielded GABA on hydrolysis. The biological 
properties of the ester, and its behaviour in the solvent systems used in this 
work, were therefore investigated. 


‘ T 
applied 
crayfish 
neurone 
nt 
bath 
‘ LIC 
of sea 
Varir 
* Conce 
3 


ACTIVE COMPONENT OF FACTOR I 363 


Taste 3, Summary of biological and chemical properties of Factor I fractions and of certain compounds 
Factor I 
fraction A fraction GABA GABCh Arginine GAA BGPA GGBA 


solven 
x. Rp value in butanol 02 <-> 02 <006 <006 <006 <06 0-15 0-25 
x. Ry value in aqueous 0-3 0-85 0-75 09 0-85 0-7 0-85 09 
1 
tration per millilitreof Olml* O025mi.* 3yg 10 Noaction 2 10 10 
ied solution to block 
crayfish stretch receptor 
ceurone discharge 
per millilitrein O005mil.* mi.* Noaction lyg Noaction — 50 pg 50 pg 
bath required for 50% 
inhibition of ACh con 
of sea urchin oesophagus | 
orff’s - - - - - 
Sakaguchi reaction - + a 8 + + + + 


# Concentrations of Factor I are expressed as millilitres of the final watery extract which was applied to the 
gstromatogram pepers (see Methods, and Florey & McLennan, 1955) 
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Re value in butanol-acetic acid-water 
Fig. 1. Plot of the Ry values of the ‘A’ and ‘B’ fractions of Factor I, and of certain compounds, 
=. in three different solvent systems. 1, «, y-diaminobutyric acid; 2, fraction ‘A’ of Factor I; 
3, arginine; 4, y-aminobutyrylcholine; 5, guanidinoacetic acid; 6, B-alanine; 7, po 
butyric acid; 8, B-guanidinopropionic acid; 9, fraction ‘B’ of Factor I; 10, y-guanidino- 


butyric acid; 11, d-aminovaleric 


pprox. Ry values in acid 0-2 0405 0405 01-02 015 0-25 04 045-055 = 
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On the chromatographic evidence GABCh cannot be equated with either 
active fraction of Factor I (Fig. 1). Its biological similarities to fraction ‘A’ 
are striking, however. GABCh is the most potent compound yet tested which 
inhibits the acetylcholine contraction of the sea urchin oesophagus, and it is 
also active, although less dramatically so, on the crayfish neurone. GABA has 
no action on the sea urchin (Florey & McLennan, 1959) and mild alkaline 
hydrolysis of GABCh, which causes its break-down to GABA and choline, 
destroys its potency for the sea urchin but does not affect that for the crayfish. 

Kuriaki et al. (1948) do not give figures for the amount of GABCh present 
in brain, so that a direct estimate of the amount which might be expected on 
the chromatograms cannot be made. However, if one assumes that the amount 
of GABCh which can be extracted from brain is of the same order as that of 
acetylcholine (about 5 ug/g) then the amount of GABCh which would have 
been present in the Factor I solution applied to the chromatogram papers 
would be about 0-5 yg, and amounts of this order of magnitude are required 
to inhibit the sea urchin oesophagus. Nevertheless, as mentioned above the 
chromatographic evidence makes the identity of GABCh and fraction ‘A’ 
of Factor I unlikely. 

The studies of Purpura, Girado & Grundfest (1958) provided another clue 
to the possible nature of the active ingredients of Factor I. These authors 
have shown that acids of the w-guanidino aliphatic series have striking effects 
on the nervous system, and that in particular guanidinoacetic acid (GAA) is 
‘a strong inactivator of depolarizing synapses like GABA’, whereas y-guani- 
dinobutyric acid (G@GBA) ‘unlike GABA blocks not the depolarizing but the 
hyperpolarizing synapses’. It was already known that GGBA blocked the 
crayfish stretch receptor discharge, but was found to be only 2% as active as 
GABA (Pisano, Mitoma & Udenfriend, 1957). Fig. 1 in the paper of Purpura 
et al. (1958) indicates that £-guanidinopropionic acid (BGPA) is even more 
active than GAA in its inactivation of the depolarizing response. 

These reports indicated that a search for the presence of guanidino acids on 
the chromatograms of Factor I might be rewarding. The papers were accord- 
ingly sprayed with the Sakaguchi reagent, and spots were observed close to 
the positions taken up by the ‘A’ and ‘B’ fractions of Factor I. Ry values for 
pure arginine, GAA, BGPA and GGBA were measured, and it was concluded 
that of the two Sakaguchi-positive spots observed on the chromatograms of 
Factor I, one was probably to be attributed to arginine, and the other either 
to BGPA or to GGBA (Fig. 1). 

The compounds have been tested for their actions on the two biological 
preparations used in this study.. Arginine in a concentration of 1:1000 is 
without effect on the stretch receptor neurone. The minimum blocking con- 
centration of GAA is about 1:500,000, i.e. it is fully as active as GABA. In 
this respect, however, it is to be noted that from the chromatographic evidence 
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this compound does not appear to be present in the Factor I extracts, inas- 
much as the active areas have R, values unmistakably different from those of 
GAA in all the solvent systems used. BGPA and GGBA both cause block of 
the stretch receptor discharge in concentrations of about 1: 100,000, which is 


-about three times the concentration of GABA required. These and other 


findings are summarized in Table 3 and Fig. 1. 

It is evident from Table 3 that both BGPA and GGBA adequately fulfil the 
requirements for fraction ‘ B’ of Factor I from the chromatographic standpoint 
and from that of the two biological tests employed in this study. Preliminary 
experiments designed to compare their biological actions with those of Factor I 
on other preparations have been undertaken. It has been shown that topical 
application of GGBA to the spinal cord of the cat inhibits the monosynaptic 
knee-jerk reflex (Florey & McLennan, 19555), 1 drop of a solution of 1:1000 
(or rather larger volumes of a more dilute solution) being effective in this 
respect. This is in contrast to GABA, which is entirely without effect when 
applied to the spinal cord (McLennan, 1957). GGBA will, like Factor I and 


GABA, prevent fatal strychnine convulsions in mice (Florey & McLennan, 


19556; McLennan, 1957). The minimum fully effective dose of GGBA is * 
30 mg/kg, compared with 100 mg/kg for GABA. 


DISCUSSION 


Resolution of Factor I solutions by the techniques of paper chromatography 
has shown that it is possible to divide the original active solution into two 
fractions. These two fractions have different degrees of effectiveness on the 
two biological test objects used in this study. 

Of the two, that labelled ‘B’ in this paper is perhaps the more interesting. 
The Ry values associated with it in several solvent systems are nearly identical 
with those of GABA, which has been claimed to be the main active ingredient 
of Factor I (Bazemore et al. 1956, 1957). It was the fact that GABA did not 
possess all the actions of Factor I (McLennan, 1957; Florey & McLennan, 
1959) that prompted this investigation. In only one solvent system, water- 
saturated butanol, were the Ry of GABA and of the ‘B’ fraction of Factor I 
markedly different. 

The two substances which have been recognized as having the same bio- 
logical and chromatographic characteristics, in all the solvent systems tested, 
as the ‘B’ fraction are 8-guanidinopropionic acid and y-guanidinobutyric acid. 
Preliminary experiments indicate also that they possess some at least of those 
actions of Factor I which GABA lacks. There is the possibility, however, 
that none of these compounds can be implicated as an inhibitory synaptic 
transmitter. The work of Purpura et al. (1958) seems to indicate that GGBA 
has a rather unselective blocking action on both excitatory and inhibitory 


synapses. The studies of these authors would indicate that either GAA or 
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BGPA might be a more promising possibility as an inhibitory transmitter, 
inasmuch as they clearly act by inactivation of excitatory synapses. GAA, 
however, does not appear, on the chromatographic evidence, to be present 
in the Factor I solutions. Until much further work is done, preferably in- 
volving the micro-injection of BGPA (and GGBA) into a single neurone as has 
been done in the case of GABA (Curtis & Phillis, 1958), it will not be safe 
to assume that either of these substances has a function as a transmitter 
released at inhibitory synapses. For that matter it has only been suggested 
as a possibility that such a transmitter is in fact contained in the Factor I 
extracts (Florey & McLennan, 1955a, 6). However this may be, it seems 
probable that one active constituent of Factor I as extracted from the brain 
is a guanidine derivative. 

It was described above that a Factor I preparation had been made which 
contained no detectable GABA initially, and it was suggested also that GABA 
appeared in this extract from the decomposition of the true active ingredient. 
GGBA occurs in brain (Irreverre, Evans, Hayden & Silber, 1957), it can be 
synthesized enzymically from GABA and an amidine donor such as arginine 
(Pisano et al. 1957), and be degraded by another enzyme to yield GABA again 
(Kobayashi, 1947). It seems therefore to fill the requirements presented earlier 
for a close chemical relationship with GABA, and the fact that GGBA is active 
on the crayfish preparation can explain the finding that an active Factor I 
extract can be prepared which contains no GABA. From this point of view 
GGBA is perhaps to be preferred to BGPA as the active ingredient sought. 

The identification of the second active component of Factor I which is 
chromatographically distinct from that discussed above is much less satis- 
factory. The only substance so far recognized as a possible candidate is 
y-aminobutyrylcholine, but this compound does not migrate to the same 
position on the chromatograms as does the Factor I activity. However, 
GABCh will also give rise to GABA after mild hydrolysis, and in view of its 
unusual properties compared with other choline esters (Kuriaki et al. 1958) 
it may have a part to play in the nervous system, although not necessarily in 
connexion with Factor I. 

In summary, it may be said that chromatographic resolution of Factor I 
separates it into at least two active fractions, and that one of them may owe 
its activity to the presence of BGPA, or GGBA, or both. The biological actions 
of the second fractions are matched by that of GABCh. The similarities and 
differences between these various entities are well illustrated by a comparison 


of the ratios of their activities towards the cyayfish and the sea urchin, thus 
(from the data of Table 3): 


Factor I, Factor I, 
fraction A GABCh fractionB BGPA GGBA 


Sea urchin activi 20 10 i 1 1 
Crayfish activi 4 5 
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SUMMARY 


1. Brain extracts containing an inhibitory principle (Factor I) have been 
subjected to paper chromatographic separation in a number of solvent 
mixtures. Two areas have been detected on the chromatograms possessing 
inhibitory activity towards the crayfish stretch receptor neurone. 

2. The Ry values of one of these areas are close to those of y-aminobutyric 
acid, 8-guanidinopropionic acid and y-guanidinobutyric acid. Since GABA 
does not appear to fulfil the requirements for Factor I, one of the active 
ingredients of the latter is tentatively identified as one of the guanidino 
compounds, or a mixture of the two. This is borne out by their relative 
activities towards the two biological preparations used in this study (crayfish 
stretch receptor neurone and the ‘cetylcholine-stimulated sea urchin oeso- 
phagus), and preliminary experiments on other biological preparations support 
the hypothesis. 

3. The second active ingredient of Factor I can be accounted for on the 
biological preparations in terms of y-aminobutyrylcholine. However, this is 
not supported by the chromatographic evidence. 
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REFLEX CONTRACTIONS OF THE LONGITUDINAL MUSCLE 
COAT OF THE ISOLATED GUINEA-PIG ILEUM 


By H. W. KOSTERLITZ anp JUDITH A. ROBINSON 
From the Department of Physiology, University of Aberdeen 
(Received 31 October 1958) 


It has been shown recently that during the peristaltic reflex elicited by 
intestinal distension, the longitudinal muscle coat contracts by two inde- 
pendent mechanisms which differ in their physiological and pharmacological 
characteristics (Kosterlitz, Pirie & Robinson, 1956). The first or type I con- 
traction occurs during the preparatory phase and the second or type II during 
the emptying phase of the peristaltic reflex. The absence of inhibition by 
ganglion-blocking agents and cocaine suggested to Feldberg & Lin (1949) that 
the type I contraction might be purely myogenic; however, later findings, 
which showed that this contraction was inhibited by morphine and atropine 
(Schaumann, 1955; Kosterlitz & Robinson, 1955, 1957), made this concept 
rather unlikely. This paper deals mainly with a further analysis of the type I 
contraction; preliminary accounts of some of the results have already been 


published (Kosterlitz, Pirie & Robinson, 1955; Kosterlitz & Robinson, 1955). 


METHODS 


Type I contractions of the longitudinal muscle coat were studied either on fresh guinea-pig ileum 
in the presence of hexamethonium (Paton & Zaimis, 1949) or on ileum which had been stored at 
4° C for 24 hr (Ambache, 1946). Type II contractions were absent in both preparations. When the 
two types of contractions were compared, gut from a newly killed animal was employed without 
the addition of a ganglion-blocking agent; use was made of the fact that the threshold of intestinal 
distension was lower for type I than for type II contractions. 

Trendelenburg’s method (1917) was used for isotonic recording of the contractions of the 
longitudinal muscle coat and the methods described by Kosterlitz e¢ al. (1956) and by Innes, 
Kosterlitz & Robinson (1957) for isometric recording. 

The detailed experimental technique, bath fluid and the doses of drugs were the same as those 
described previously (Kosterlit et al. 1956; Kosterlitz & Robinson, 1957; Innes et al. 1957). 


RESULTS 
The possible mechanical component in the shortening of the distended tleum 
When the lumen of a distensible tube is filled with fluid under pressure, the 
specific compliances of the component structures will determine in what 
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direction distortion will take place. Visual observation of an isolated piece of 
guinea-pig ileum suggests that raising the intra-intestinal pressure causes 
radial distension, without affecting the length of the piece of gut appreciably 
until reflex shortening occurs. This impression was confirmed by direct 
experiment on guinea-pig ileum stored at 4° C for 24 hr. In such preparations 
type II contractions were permanently absent but type I contractions 
recovered slowly after the gut was placed in the organ bath at 35° C. Thus, 
immediately after setting up the preparation, raising the intra-intestinal 


4 
Intra-intestinal pressure (cm H,O) 


15 


pressure ton H,0) 


Fig. 1. The possible mechanical component in the shortening of the gut on distension. [leum, 
stored at 4° C for 24 hr. Upper tracing, isotonic record of longitudinal muscle coat, 0-75 g 
tension, shortening upwards. Lower tracing, distension of lumen, increased filling down- 
wards. A, immediately after setting up in the organ bath at 35°C; B, 30 min after A; 
C, 30 min after B. 


pressure caused filling of the lumen, with only an insignificant shortening of 
the gut (Fig. 14). Half an hour later a slightly better response was obtained 
(Fig. 1B), and 1 hr later the contractions appeared to have become maximal 
(Fig. 1C). The mechanical effect of distending the lumen was never a 
lengthening of the gut but rather a small amount of shortening which, how- 


ever, was only a negligible fraction of the shortening which occurred when the 
gut had been in the organ bath for some time. 
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The adequate sensory stimulus for the contraction 
of the longitudinal muscle coat 
If type I contractions were myogenic, we should expect them to be elicited 
by a stretch in the direction of the long axis of the muscle cells. It was found, 
however, that sudden lengthening of the gut did not lead to a contraction of 
the longitudinal muscle coat. The experimental arrangement (Fig. 2.4) was 
similar to that described by Winton (1930). Initially the isotonic writing lever 


Intra-intestinal pressure 


Fig. 2. The effect of sudden stretching on the longitudinal muscle coat. Ileum, stored at 4° C io: 
24hr. A, Experimental arrangement; B, effects of sudden application and release of weights 
on the length of the ileum; C, upper and lower tracings as in Fig. 1. Tension, initially 0-75 g, 
increased to 1-75 g at arrow. 
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exerted a tension of 0-75 g on the ileum. When the thread a supporting the 
lever was severed by applying a lighted match, a weight varying between 
0-5 and 3g was suddenly applied; the ileum was stretched and remained at 
the new length. Half a minute later the thread b was burned and the weight 
released; the gut shortened quickly at first and then more slowly (Fig. 2B). 
The addition of 0-5 or 1 g to the original tension of 0-75 g was not too large 
to prevent shortening of the gut when the lumen was distended (Fig. 2C). 

Similar results were obtained whether stored ileum was used, capable of 
type I contractions only, or ileum from a newly killed animal, in the presence 
or absence of hexamethonium. 

Thus, longitudinal stretching is excluded as the sensory stimulus responsible 
for the contraction of the longitudinal muscle coat. On the other hand, raising 
of the intra-intestinal pressure always produces marked radial distension, 
which is bound to stretch any sensory elements arranged in parallel to the 
fibres of the circular muscle coat. The possible sites of such receptors will be 
considered in the discussion. 

That deformation of receptors by increased pressure is not the adequate 
stimulus may be shown by two observations. First, when a glass or Perspex 
tube was slipped over the gut to reduce or prevent the distension of the lumen 
on raising the intra-intestinal pressure, type I contractions obtained in the 
presence of hexamethonium were diminished or absent. These findings are in 
general agreement with similar observations made by Yanagiya, Ohkubo & 
Shimada (1958). In the second type of experiment, which was also done in the 
presence of hexamethonium, the intra-intestinal pressure was increased by 
a given value, say 2cm H,O, the lumen distended and a type I contraction 
of the longitudinal muscle coat was obtained. Then the level of the fluid of the 
organ bath in which the gut was suspended was raised by 2 cm, with the result 
that the gut collapsed as fluid left the lumen, and the longitudinal muscle 
relaxed. Though all structures in the wall of the intestine were now subjected 
to the same water pressure as before, the difference between the pressure 
exerted on the mucosa and that exerted on the peritoneum had fallen to zero 
and the gut was no longer distended. This indicated that the adequate stimulus 
for the longitudinal muscle contraction was not the water pressure in itself, 


but the distension caused by the pressure gradient between intraluminal and 
external pressure. 


The relationship between intestinal filling and contraction 
of the longitudinal muscle coat 


‘Tt has already been shown that the two types of reflex contractions of the 


longitudinal muscle coat are independent of each other, that type I requires 
less intestinal distension than type II and that type II, which occurs during 
the emptying phase, is reversibly inhibited by hexamethonium and irreversibly 


Kos 
thre 
the 
con 
the 
| 
Fig 
on 
in 
in 
de 
8 
t 
p 


REFLEX SHORTENING OF GUINEA-PIG ILEUM 373 


suppressed by storage of the ileum at 4° C for 24 hr (Kosterlitz et al. 1956; 
Kosterlitz & Robinson, 1957). When the degree of distension was near the 
threshold of the emptying phase, a type I contraction was often present during 
the early stages of intestinal distension and followed by a type II contraction 
as soon as the emptying phase came into play; after that there were rhythmic 
contractions and relaxations and it became impossible to distinguish between 
the two types of contractions (Fig. 34). These were not separable when the 
intestinal distension was well above threshold (Fig. 3B). 


A 


0 sec 


1-7 cm H,O 2 cm H,O 
Intra-intestinal pressure 
Fig. 3. Type I and II contractions of the longitudinal muscle coat; fresh ileam. Upper record, 
distension of lumen, increased filling downwards; lower record, isometric record of longi- 
tudinal muscle coat, increased tension downwards. 


When the increase in intra-intestinal pressure led to type I contractions 
only, the degree of intestinal filling was closely correlated with the height of 
intra-intestinal pressure. Hexamethonium did not have any certain effect on 
intestinal filling (Fig. 4). 

The magnitude of the contractions of the longitudinal muscle coat was 
dependent on the degree of intestinal filling ; however, the quantitative relation- 
ship between filling and longitudinal tension differed for the two types of con- 
traction (Fig. 5). Below the threshold for type II contractions, or in the 
presence of hexamethonium, the tension in the longitudinal muscle coat 
increased proportionally to the degree of filling. However, when type II 
contractions were superimposed at near-threshold values of filling, there was 
always a sudden discontinuous rise in longitudinal tension. 

Hexamethonium in low concentrations (5-12g/ml.) raised the threshold of 
intestinal distension at which type II contractions were triggered off, e.g. 


from 0-8 to 0-9 ml: in the experiment shown in Fig. 5.4; the tension developed _ 


was, however, not affected. At the same time the tension during type I con- 
tractions was raised from about 1-5 g at 0-3 ml. filling to 2-5-3 g at 0-9 ml. 
filling. When the concentration of hexamethonium was sufficiently high 
(25 ug/ml.) to suppress the type II contractions of the emptying phase even 
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at high degrees of intestinal distension, the rise in the tension developed 
during type I contractions was still proportional to the degree of filling 
(Fig. 5B). 
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Fig. 4. The correlation of intra-intestinal pressure and intestinal filling; two fresh ilea 
without, O—O with hexamethonium, 12-5 ug/ml. in A and 25 g/ml. in B. 
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Fig. 5. The effects of different degrees of intestinal filling on type I and II contractions of the 
longitudinal muscle coat. Same preparations as in Fig. 4. Tension developed during type ! 
contractions: @—@ without, O—O with hexamethonium. Tension developed during 
combined type I and IT contractions: x — x without, A—A with hexamethonium, 12-5 ug/ml. 
in A and 25yg/ml. in B. 
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The effect of resting length on the tension developed during 
type I contractions 
Although stretching of the ileum does not cause a contraction of the longi- 
tudinal muscle coat, the resting length influences the response of the gut to 
intestinal distension. The maximum maintained response was found when the 
resting length was adjusted so that there was a small resting tension (Fig. 6). 


/ 


i 


5 6 
Length of ileum (cm) 


Fig. 6. The effect of resting length on the tension developed during type I contractions of the 


longitudinal muscle coat. Fresh ileum, with hexamethonium, 60yg/ml. @—@ Resting 
tension, x — x maintained tension at an intra-intestinal pressure of 2 cm H,0. 


Similar results were obtained with histamine as stimulus. This is in agreement 
with the results of Brocklehurst (1926) on the cat ileum stimulated by histamine 
and of Winton (1926) on the electrically stimulated retractor penis of the dog 
and on the guinea-pig uterus stimulated by pituitrin. 

When the resting length was below the value which produced a resting 
tension, intestinal filling caused the appearance of longitudinal tension which, 
however, declined rapidly to a lower value. This phenomenon will be described 
in more detail in a later paper. 
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Pharmacological characteristics of the reflex arc of type I contractions pal 
It has already been stated that the absence of an inhibitory effect of cocaine 7 me 
and ganglion-blocking agents led Feldberg & Lin (1949) to assume that the tio 
type I contraction is myogenic, whereas Schaumaun (1955) and Kosterlitz & on 
Robinson (1955, 1957) concluded from its inhibition by atropine and morphine Me 
that it is caused by a reflex. Further evidence for the latter view was found in 
the observation that 0-33 mm sodium cyanide reversibly depressed type I ; 
contractions (Fig. 7). This concentration was too low to affect contractions 
due to acetylcholine. 
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1 2 3 4 0-25 0-5 0-75 
Intra-intestinal pressure (cm H,O) Acetylcholine (ug) 


Fig. 7. The effect of 0-33 mm sodium cyanide on type I contradtions of the longitudinal muscle F 
coat; 40 ml. bath. Fresh ileum, with hexamethonium, 60ug/ml. @—@ Controls, O—O 
60-80 min after addition of NaCN, x — x 40-60 min after washing out. 


In order to obtain more information about the nature of the reflex arc | y 
underlying type I contractions, the effects of blocking the tryptamine and 
substance P receptors were examined. Saturation of the tryptamine receptors 
with large doses of 5-HT added to the bath fluid had only a transient inhibitory 
effect on type I contractions, which recovered rapidly although the tryptamine \ 
receptors remained blocked (Fig. 8). When the action of 5-HT on the longi- __ 
tudinal muscle responded to the inhibitory action of dibenamine, which did : 
not happen in every preparation, type I contractions remained unaffected. t 
Saturation of substance P receptors by high concentrations of substance P t 
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was more difficult to investigate since the available preparations were only 
partly purified and often led to unspecific inhibitions. However, in the experi- 
ment shown in Fig. 9 the block produced by adding to the bath fluid a prepara- 
tion chromatographed once and containing 13 Euler units/mg had no effect 
on the contractions produced by intestinal distension or by acetylcholine. 
Mepyramine did not inhibit type I contractions. 
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Fig. 8. The effect of saturation of the tryptamine receptors on type I contractions of the longi- 
tudinal muscle coat; 40 ml, bath. [eum stored at 4° C for 18 hr. Order of tests: intestinal 
distension, carbachol, 5-HT, at intervals of 3 min. The tryptamine receptors were saturated 
by the addition of the indicated quantities of 5-HT to the bath fluid. 

Fig. 9. The effect of saturation of the substance P receptors on type I contractions of the longi- 
tudinal muscle coat; 15 ml. bath. Fresh ileum, with hexamethonium, 33 g/ml. Order of 
tests: substance P, acetylcholine, intestinal distension, at intervals of 3 min. A, Controls; 
B, 4 mg of substance P (52 Euler units) was left in bath for 6 min; after washing out, tests 
were done in the presence of 39 Euler units, which did not cause contraction; C, 10 min after 
washing out substance P. 


DISCUSSION 
There is little doubt that the contractions of the longitudinal muscle during 
the preparatory phase (type I concentrations) are reflex in nature, although 
they are not inhibited by cocaine or ganglion-blocking agents. This view is 
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supported by the following evidence. They are inhibited by morphine and 
atropine and are more sensitive to the depressing action of adrenaline, of 
lowering the bath temperature (Kosterlitz & Robinson, 1957) and of sodium 
cyanide than contractions caused by acetylcholine or histamine. 

Radial distension and not longitudinal stretching is the sensory stimulus 
for the type I contractions. The stretch receptors show little adaptation, and 
isotonic shortening or isometric increase in longitudinal tension lasts as long 
as the lumen is distended. The tension increase during type I contractions 
varies directly with the degree of intestinal filling; the mechanism underlying 
this gradation is unknown. 

Biilbring, Lin & Schofield (1958) showed recently that removal of the mucous 
membrane containing sensory nerve endings abolished the contractions of the 
circular muscle of the emptying phase but not the type I contractions of the 
longitudinal musole. These findings would indicate that the postulated sensory 
stretch receptors for the type I contractions are not situated in the mucous 
membrane. 

The reflex arc of the emptying phase is made up of at least a sensory and 
a motor neurone and has one or more cholinoceptive synapses. On the other 
hand, the failure of ganglion-blocking agents to inhibit type I contractions 
suggests that the reflex arc is either non-synaptic or possesses a non-cholino- 
ceptive synapse. So far no evidence for a chemical transmitter other than 
acetylcholine has been obtained. Experiments with saturation of the respective 
receptors from the serosal side of the ileum have failed to implicate 5-HT or 
substance P in type I contractions of the longitudinal muscle, at least as far 
as a pessible synapse and the efferent side of the reflex are concerned. It should, 
however, be pointed out that such experiments do not exclude a possible role 
of 5-HT and substance P on the sensory side, such as has recently been shown 
_ for the reflex arc of the emptying phase (Biilbring & Lin, 1958; Beleslin & 
Varagié, 1958). 

SUMMARY 

1. The contraction of the longitudinal muscle coat during the preparatory 
phase of the peristaltic reflex of the isolated guinea-pig ileum (type I contrac- 
tion) is a reflex contraction, the purely mechanical component being a negligible 
part of the total tension developed. 

2. The adequate sensory stimulus is not lengthening of the gut but radial 
distension. The stretch receptors are not situated in the mucous membrane. 

3. The tension developed in the longitudinal muscle coat varies directly 
with the degree of intestinal filling which, in turn, is directly proportional to 
the intra-intestinal pressure. The tension increase during contraction is 
affected by the resting length, the maximum response being obtained when 
a small resting tension is present. 

4. The pharmacological characteristics of the type I contractions support 
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the hypothesis of their neurogenic nature. The contractions are inhibited by 
concentrations of sodium cyanide, morphine, atropine and adrenaline which 
do not affect contractions due to acetylcholine or histamine. Substance P and 


5-hydroxytryptamine do not seem to play a part on the efferent side of the 
reflex arc. 


5. Since ganglion-blocking agents do not inhibit type I contractions, a 
reflex arc with a non-cholinoceptive synapse or without a synapse is postulated. 


We wish to thank Messrs W. J. Davidson and J. McConnachie for valuable technical assistance. 
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RECURRENT INHIBITION IN THE CAT’S SPINAL CORD 


By V. B. BROOKS anp V. J. WILSON 
From the Rockefeller Institute for Medical Research, New York 


(Received 31 October 1958) 


It was shown by Renshaw (1941) that antidromic stimulation of motor nerves 
results in a central inhibitory action indiscriminately affecting motoneurones 
in proximity to the activated cells. Different explanations have been advanced 
for the mechanism of this ‘antidromic’ inhibitory action. First, the time 
course of the inhibition has been correlated with that of the flow of after- 
currents of active motoneurones, and it has been suggested that these current 
flows cause the inhibition (Lloyd, 1951). Secondly, Eccles, Fatt & Koketsu 
(1954) have suggested that impulses in axon collaterals in the ventral horn 
discharge special interneurones. These neurones, characterized by their high 
initial firmg frequency, were first described by Renshaw (1946), and have 
therefore been designated as ‘Renshaw cells’. Intracellular and extracellular 
recordings from the ventral horn, and pharmacological investigations (Eccles 
et al. 1954), have indicated that impulses in axon collaterals cause release of 
acetylcholine (ACh) at their synapses with Renshaw cells, whose subsequent 
discharges in turn hyperpolarize neighbouring motoneurones; and the evidence 
strongly suggests that this hyperpolarization leads to ‘antidromic’ inhibition. 
Antidromic facilitation has also been observed (Renshaw, 1941), and has now 
been shown to be mediated by cholinergic axon collaterals (Wilson, 1958). 
The excitatory jungtion between axon collaterals and Renshaw cells shares 
most pharmacological properties with the neuromuscular junction, provided 
the diffusional barriers peculiar to the central nervous system are overcome. 
This is true for drugs acting post-synaptically such as anticholinesterases and 
curare (Eccles, Eccles & Fatt, 1956; Curtis & Eccles, 1958a, b), as well as for 
botulinum toxin that acts presynaptically (V. B. Brooks & D. R. Curtis, 1956, 
unpublished observations). The inhibitory junction between Renshaw cells and 
motoneurones is pharmacologically indistinguishable from other inhibitory 
junctions; it can be blocked by strychnine (Eccles et al. 1954) and by tetanus 
toxin (Brooks, Curtis & Eccles, 1957). While ‘antidromic’ inhibition has been 
studied by means of antidromic stimulation, it is also brought into play when 
motoneurones are stimulated orthodromically (Renshaw, 1946). For that 
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reason Granit, Pascoe & Steg (1957) and Brooks & Wilson (1958), in a pre- 
liminary communication to this paper, have substituted the term ‘ recurrent’ 
inhibition for ‘antidromic’ inhibition. 

Since the inhibition is not restricted to any particular group of moto- 
neurones, but rather affects all nuclei close to the active cells (Renshaw, 1941), 
it has been thought unlikely (Eccles et al. 1954: Eccles, 1955) that it has a 
co-ordinating function, but instead that such a negative feed-back mechanism 
has an indiscriminate anticonvulsant action. The present experiments further 
link Renshaw cell discharge with recurrent inhibition and exclude after- 
currents between motoneurones as a significant cause for the inhibition. The 
main purpose of the work, however, is to demonstrate a co-ordinating function 
for recurrent inhibition, which has been suggested independently by Burns 
(1958). It will be shown that a general inhibitory action, that damps the 
discharge of nuclei in close proximity to an active nucleus, decreases or prevents 
spread of reflex responses from the nuclei of activated muscles. Such spread 
does occur, and it has been studied most closely by Alvord & Fuortes (1953). 
The inhibitory feed-back of recurrent inhibition thus helps to confine stretch 
reflexes to their paths of afferent origin. 


METHODS 


These experiments have been carried out in unanaesthetized spinal or decerebrate cats. In the 
spinal preparations the cerebral circulation had been shut off by tying off the common carotid 
arteries and clamping the vertebral arteries. The animals were prepared under ether, and experi- 
ments were begun not less than 2 hr after cessation of ether administration. 

Some experiments were concerned mainly with the action of dihydro-beta-erythroidine (DHE; 
kindly supplied by Merck and Co., U.S.A.) on antidromic inhibition, Renshaw cell discharge and 
antidromic electrotonus. For this purpose, laminectomy was performed on cats whose spinal 
cords had been divided at the upper cervical level. The dorsal and ventral roots of the lumbosacral 
segments were cut on one side. The animal was immobilized by means of intravenouslyi njected 
Flaxedil (gallamine triethiodide, American Cyanamid Co., U.S.A.), a drug which, when given Lv. 
exerts no effect on Renshaw cell discharge or antidromic inhibition. Paralysis during control runs 
was essential in order to make the levels of excitation before and after injection of DHE com- 
parable. Maximal monosynaptic test reflexes were evoked by stimulation of a cut dorsal root and 
recorded in a fraction of the corresponding ventral root. This reflex was inhibited by a conditioning 
volley in the remainder of the ventral root. The experimental arrangement is shown diagram- 
matically in Fig. 14. Renshaw cell discharge was recorded at the dorsolateral surface of the cord 
(Eccles et al. 1954) ; antidromic electrotonus was recorded in the manner described by Lloyd (1951). 

The recovery curve of motoneurones was studied in similar preparations. A maximal test reflex 
was elicited by stimulating a dorsal root and recorded in the corresponding ventral root. The test 
stimulus was preceded at various intervals by a conditioning antidromic volley in the whole 
ventral root. 

The bulk of the experiments dealt with the effect of DHE and of strychnine on homonymous 
and heteronymous reflex discharge. For this purpose the roots on one side were left intact. The 
pair of nerves used for study (e.g. medial and lateral gastrocnemius) were cut, and both a recording 
and a stimulating electrode pair were placed on the central end of each. This type of experimental 
arrangement is illustrated in diagram B of Fig. 1. Reflexes were then elicited by repetitive 
stimulation at frequencies of 50-200/sec. It is possible to evoke both homonymous and 
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heterony discharges with this type of stimulation, as was shown by Alvord & Fuortes (1953). 
Furthermore, each response falls into the period of inhibition caused by the preceding one. 
Recurrent inhibition of the heteronymous reflex is brought about in two ways. First, antidromi: 


stimulation of the motor axons in the homonymous path results in activation of the inhibitory — 


mechanism, and secondly, the inhibition is again brought into action by orthodromic activation 
of homonymous, and possibly heteronymous, motoneurones. 

In some of the animals one side was prepared for study of homonymous and heteronymous 
reflex discharges; the other side was prepared as described previously for the study of antidromic 
inhibitory curves. The effects of drugs on inhibitory curves and high frequency reflex discharge 
could be compared in the same animal. The temperatare of the animals and of the oil pool was 
maintained at 36-37 and 35-36° C, respectively. 


Fig. 1. Diagrams of the experimental arrangements. For description see text. 


RESULTS 


The relation between recurrent inhibition, Renshaw cell 
discharge and ventral root electrotonus 


A monosynaptic reflex, evoked by stimulating a dorsal root and recorded in 
part of the corresponding ventral root, can be inhibited by a preceding anti- 
dromic volley in the remainder of the ventral root (see Fig. 1A). A typical 
inhibitory curve obtained in such a manner in a decerebrate preparation is 
illustrated in Fig. 2A. Ventral root electrotonus (Lloyd, 1951) was recorded 
in the same experiment (Fig. 2B); and an electrode on the surface of the cord 
was used to record the rhythm of synchronized discharges of Renshaw cells 
activated by the antidromic volley (Eccles et al. 1954) (Fig. 2C). Intravenous 
injection of dihydro-beta-erythroidine (DHE) 0-4 mg/kg greatly reduces anti- 
dromic inhibitory action. The effect of DHE on the inhibitory curve, as shown 
in Fig. 2 A, is typical of the result of many experiments. Inhibition during the 
first few milliseconds is not affected, but the peak is usually reduced; the later 
inhibition is substantially diminished. In many preparations the duration of 
inhibition is shortened, but it is never removed completely. The effect of the 
same injection of DHE on ventral root electrotonus and on Renshaw cell 
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discharge can be seen in Fig. 2B and C. On the one hand, ventral root 
electrotonus is not significantly diminished; the small difference between the 
control and the electrotonus recorded after injection of the drug is no greater 
than differences between controls recorded at various times during the experi- 
ment. On the other hand, it is clear that the duration of Renshaw cell dis- 
charge is greatly shortened, as previously described by Eccles et al. (1954). 
8 Cc 


oon 


10 msec 1 msec 


Percentage inhibition 


40 60 80 


20 
Interval between stimuli (mec) 


Fig. 2. A: Recurrent inhibitory curves obtained in a decerebrate preparation. Circles show: 
O, inhibition before; @, after, intravenous injection of DHE (-4 mg/kg. Each point was 
determined from 20 superimposed reflex responses. For procedures see text. B: Effect of the 
same injection of DHE on ventral root electrotonus. For B and C: upper traces, controls; 
lower traces, after injection of DHE; diagrams show the experimental arrangements. 
C: Effect of the same injection of DHE on Renshaw cell discharge recorded from the surface 
of the cord. 


The remaining initial synchronous discharge of Renshaw cells after the action 
of DHE is not due to insufficient dosage: Curtis & Eccles (19585, fig. 6) found 
that the initial discharge of individual cells remains after close application of 
DHE. This cellular resistance thus probably accounts for the remaining inhibi- 
tion (Fig. 2A) and for the remaining Renshaw cell discharge (see lower trace, 
Fig. 2C). 

The effect of DHE on recurrent inhibition is further illustrated in Fig. 3, 
which also shows the action of strychnine on the inhibition. In this preparation 
the lateral and medial gastrocnemius nerves were employed, the reflex in one 
branch being inhibited by antidromic stimulation of the other. Injection of 
DHE 2-0 mg/kg reduced the inhibition, but a considerable amount remained. 

Subconvulsive doses of strychnine do not affect cell discharge but they 
reduce antidromically evoked hyperpolarizations in motoneurones (Eccles et al. 
1954). This effect on the inhibitory junction is similar to the reduction of 
direct inhibition by strychnine (Bradley, Easton & Eccles, 1953). In prepara- 


tions anaesthetized with Nembutal (pentobarbitone, Abbott Laboratories) 
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this is accomplished with doses of strychnine in the order of 0-1 mg/kg. Much 
smaller doses are required to obtain a similar effect on recurrent inhibition in 
spinal and decerebrate preparations. Figure 3 shows the effect of strychnine 
0-03 mg/kg on inhibitory curves previously diminished by DHE: the inhibi- 
tion is decreased further, but not completely abolished. 
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Stimulus interval (msec) 

Fig. 3. Inhibitory curves obtained by conditioning a monosynaptic rest reflex, elicited by dorsal 
root stimulation and recorded in either branch of the gastrocnemius nerve, by antidromic 
stimulation of the other branch. Decerebrate preparation. ©, control; @, after intra- 
venous injection of DHE 2 mg/kg; (), after a subsequent intravenous injection of strychnine 
sulphate 0-03 mg/kg. Each point was determined from approximately 20 superimposed 
reflex responses. 


Recurrent inhibition and motoneurone recovery 


Following invasion of a motoneurone pool by a maximal antidromic volley, 
monosynaptic reflexes set up in this pool by subsequent orthodromic volleys 
are depressed for periods as long as 120 msec (Lloyd, 1951). Stimulation of the 
ventral root will not only result in invasion of the motoneurones by antidromic 
impulses but also in activation of the recurrent inhibitory mechanism (see 
Eccles et al. 1954, fig. 2). Therefore, part of the depression is due to recurrent 
inhibition. The contribution of recurrent inhibition to the recovery curve is 
illustrated in Fig. 4. At stimulus intervals greater than 50-60 msec the control 
recovery curve and the one obtained after injection of DHE are essentially 
similar. However, the drug removes a considerable amount of the early part 
of the depression. The depression which remains must still contain a contribu- 


tion from recurrent inhibition, since DHE never completely blocks the 
inhibitory mechanism. 


Recurrent inhibition of homonymous and heteronymous reflexes 
Threshold stimulation of the nerve to one head of a muscle with repetitive 
shocks at frequencies of 100/sec or higher elicits a reflex in the stimulated nerve 
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(homonymous reflex) and, in favourable preparations, in the nerve to the other 
head of the muscle (heteronymous reflex) (Alvord & Fuortes, 1953). Reflexes 
elicited by stimulation in the range of approximately 40-175/sec were studied 
in the present experiments. Heteronymous reflexes were observed in half the 
cases, usually appearing even at frequencies as low as 40/sec. Lloyd (1957) has 
described temporal summation of monosynaptic reflexes in the frequency 
range of 60 and 100/sec in spinal animals under Nembutal anaesthesia. Similar 
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Fig. 4. Plots of amplitudes of monosynaptic reflexes evoked by stimulation of the 7th lumbar dorsal 
root (ordinate) when conditioned by preceding antidromic volleys in the whole 7th lumbar 
ventral root: abscissa, stimulus interval. Circles show: ©, motoneurone recovery curve before, 
@, after, intravenous injection of DHE 0-7 mg/kg. Inset shows records of Renshaw cell 
discharge recorded at the cord surface before and after injection of DHE (lower and upper 
traces, respectively). Spinal aninal. 


results were obtained in this study : increases of both homonymous and hetero- 
nymous sustained reflexes were observed as the frequency of stimulation was 
increased from 50 to about 100/sec. At higher rates of stimulation reflex 
amplitudes usually decreased. In a few animals no temporal summation was 
seen at the frequencies studied. In the experiments described above, DHE has 
been shown to reduce recurrent inhibition. The following experiments have 
been performed to study the effect of this drug on homonymous and hetero- 
nymous reflex discharges. 

Figure 5 shows the result of an experiment in which two branches of the 
nerve to quadriceps were used for stimulating and recording. In the control, 
stimulation of either branch produced homonymous responses, but no hetero- 
nymous response could be seen. Injection of DHE 2 mg resulted in an increase 
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Fig. 5. Homonymous and heteronymous responses in branches of the quadriceps nerve are shown 
before and after intravenous injection of DHE 0-9 mg/kg. About 20 superimposed traces 


per record. Stimulating and recording conditions are shown in the diagrams. Decerebrate cat. 


Fig. 6. Homonymous and heteronymous reflexes obtained by stimulating the medial branch of } 


the gastrocnemius nerve, in a decerebrate cat. In each case the upper beam, with the large 
stimulus artifact, shows the homonymous response. For the different frequencies illustrated ? 
the three columns show the control responses, the response after intravenous injection 
of DHE, | mg/kg, and the response after a subsequent intravenous injection of strychnine 
0-03 mg/kg. About 20 superimposed traces per record. 
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after injecting DHE is plotted as a function of stimulus frequency. This type 
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in homonymous reflexes, and also brought about the appearance of hetero- 
nymous responses. 

Similar results have been obtained in preparations in which both homo- 
nymous and heteronymous responses were present. Such an experiment, 
carried out with stimulation of the medial gastrocnemius nerve, is illustrated 
in Fig. 6. Intravenous injection of DHE 1 mg/kg had little effect on the 
homonymous response, but caused considerable increase in the heteronymous 
reflex, particularly at frequencies of stimulation up to 90/sec. This can be seen 
in Fig. 6, and also in Fig. 7, where the absolute size of the response before and 


Heteronymous 


uw 


Reflex amplitude (arbitrary units) 
3 


Strychnine 


80 100 120 140 160 180 200 
Stimulus frequency (per sec) 
Fig. 7, Plots of reflex amplitudes (ordinates) against stimulus frequency (abeciasae) for controls, 
after intravenous DHE and after intravenous strychnine; same experiment as Fig. 5. Upper 
set of graphs, heteronymous reflexes; lower set, homonymous reflexes. 


of result has been obtained frequently. Homonymous and heteronymous 
responses have been studied in seventeen cases in nine preparations. Hetero- 
nymous reflexes were increased by DHE in ten cases, unchanged in seven; — 
homonymous reflexes were increased in five cases, unchanged in twelve. The 
lack of change in heteronymous reflexes, seen in several cases, may be due to 
several factors, among them the fact that DHE removes only part of the 
recurrent inhibition (Figs. 2, 3). After recurrent inhibition has been decreased 
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by DHE it can be diminished further by subconvulsive doses of strychnine 
(Fig. 3). Similarly, such doses of strychnine, following an injection of DHE, 
further enhance heteronymous reflexes (Figs. 6, 7). 

While all these results have been obtained in extensor nuclei in decerebrate 
preparations, similar effects have been seen with flexor nuclei (biceps-semi- 
tendinosus) in spinal animals. In those experiments the effect has been weak, 
possibly owing to the lower level of excitability of spinal animals as compared 
with decerebrate ones. 

DISCUSSION 

The experiments described in the first part of Results provide further evidence 
for the cholinergic nature of the recurrent inhibitory pathway: the recurrent 
inhibitory curve is modified by DHE and strychnine in the same way as are 
Renshaw cell discharge and antidromically evoked hyperpolarization of moto- 
neurones (Eccles et al. 1954). It also has been shown that eserine, which 
lengthens the duration of Renshaw cell discharge (Eccles et al. 1954) increases 
the duration of the recurrent inhibitory curve (Wilson, 1958). In contrast, 
ventral root electrotonus is not modified by DHE. Furthermore, two tests of 
electrotonus on roots adjacent to active segments have shown it to be very 
small, although recurrent inhibition there is very pronounced. All the evidence 
therefore indicates that recurrent inhibition follows activation of Renshaw 
cells, as described by Eccles et al. (1954) and that after-currents between moto- 
neurones do not contribute markedly to production of the inhibition. 

The myotatic reflex originates from stretch of muscle fibres. The afferent 
path of this reflex is conducted from muscle spindles to the cord through large 
Group I fibres (La) (Lloyd, 1943; Hunt, 1954) that make synaptic connexions 
not only with motoneurones of the muscle or fraction of a muscle which they 
supply (homonymous connexions) but also, through afferent branches, with 
motoneurones of synergistic muscle groups (heteronymous connexions). Not- 
withstanding these connexions, the myotatic reflex, evoked by muscle stretch 
usually “remains confined not only to the particular muscle stretched, but to 
that portion of it which stretch affects’ (Liddell & Sherrington, 1924, authors’ 
italics). Similarly, electrically evoked monosynaptic reflexes normally reflect 
only into the stimulated muscle nerve (Lloyd, 1943). 

However, there are many examples of involvement of heteronymous moto- 
neurones, although often such action manifests itself only as facilitation 
between synergic units (Lloyd, 1946). Under appropriate conditions, hetero- 
nymous motoneurones can be made to discharge. Monosynaptic testing with 
single shocks has shown that cells normally fired by one of a pair of synergists 
can be discharged by another following application of a background of steady 
stretch (Granit & Strom, 1951); after cooling of the spinal cord (Lloyd, Hunt 
& McIntyre, 1955); and after post-tetanic potentiation (Beswick & Evanson, 
1955; Lloyd et al. 1955). Similarly, repetitive stimulation at frequencies of 
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50 and more per second is often sufficient to start heteronymous firing (Alvord 
& Fuortes, 1953). Clearly, in the normal course of events the stretch reflex 
maintains @ high degree of localization, which can, however, be overcome 
under conditions of strong facilitation. The present experiments show that 
recurrent inhibition plays a part in the preservation of this localization. 

Some of the experimental conditions must be considered in the interpreta- 
tion of the results. The demonstration of heteronymous reflexes is made 
difficult by the necessity of performing the experiment on paralysed animals: 
reduction of muscle tension reduces muscle spindle activity and thus also the 
central excitatory state. On the other hand, the discriminatory power of 
recurrent inhibition between homonymous and heteronymous reflexes is 
increased by dealing with weak heteronymous reflexes. Furthermore, in the 
experiments as performed, the motoneurones of the homonymous pathway 
were activated orthodromically as well as antidromically. Therefore the 
homonymous nucleus is in a state of depression from continuous antidromic 
activation. This depression (Fig. 4), which is only slightly affected by DHE, 
may partially account for the finding that homonymous reflexes are less 
influenced by DHE than are heteronymous ones. The recurrent inhibitory 
system is inoperative in preventing spread when test reflexes are evoked by 
single shocks, as was pointed out by Lloyd (1943); the recurrent volley then 
arrives too late. In that case localization rests on the relatively greater. power 
of homonymous connexions. However, in the case of natural reflexes origi- 
nating with muscle stretch, where motoneurones fire asynchronously at 
frequencies of 5-100/sec (Adrian & Bronk, 1929), the same conditions apply 
as in the present experiments, carried out with repetitive synchronous nerve 
stimulation in that frequency range. 

Thus there do not appear to be serious obstacles to the conjecture that 
localization of stretch reflexes is a function of recurrent inhibition in the normal 
animal. Presumably such localization subserves execution of fine movements 
which are known to depend upon accurate perception of the extension of 
muscles, mediated by muscle spindles, and adjusted by stretch reflexes. The 
reduction of the functional field of spindle receptors in the cord by recurrent 
inhibition may also be considered to be related to analogous afferent pheno- 
mena. Inhibitory systems that prevent spread to neighbouring units are known 
for many kinds of sensations (Brooks & Wilson, 1958). This problem is dis- 
cussed in a consideration of interaction of cortical motor cells (Brooks, 1959). 

Granit et al. (1957) have suggested another function for recurrent inhibition: 
‘stabilizing the sustained output of impulses in the stretch reflex at a slow 
rate, thereby serving as an efferent antagonist of cumulative, presynaptic 
excitatory states produced by the gamma-driven nuclear bag afferents’. It is 
indeed to be expected that structures as numerous as axon collaterals would 
serve more than one function. 
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SUMMARY 


1. The intensity and duration of recurrent inhibition is reduced by intra- 
venous injection of dihydro-beta-erythroidine (DHE) in doses sufficient 
to reduce discharge of Renshaw cells; but ventral root electrotonus is 
unaffected by DHE. From. this it is concluded that. current flow between 
motoneurones does not contribute significantly to recurrent inhibition, which 
is produced by activity of Renshaw cells. 

2. Reduction of recurrent inhibition is accompanied by increase of hetero- 
nymous reflexes, and also sometimes by increase of homonymous reflexes. 
From this it is also concluded that it is a function of recurrent inhibition to 
limit stretch reflexes to their stimulated paths. The ener of these 
findings is discussed. 
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ACETYLCHOLINE AND POTASSIUM MOVEMENTS 
| IN RABBIT AURICLES 
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Numerous measurements have been made of the resting and action potentials 
of atrial tissue from various mammals, and inferences have been drawn about 
the concurrent ionic movements, but direct measurements of the fluxes 
appear to be rare. Estimates based on net changes in the composition of the 
tissue in special circumstances (Holland, 1954, 1957) are well known not to 
give a measure of the total influx and efflux, and even estimates with the use 
of tracer are subject to limitations particularly obvious in beating tissues in 
which the fluxes are probably different at different stages of each contractile 
cycle. Rayner & Weatherall (1957) estimated that the potassium influx and 
efflux of isolated quiescent left auricles were about 5-8 pmole/cm*.sec, and 
showed that part of the tissue potassium of right auricles exchanged more 
rapidly. Klein & Holland (1958) give a figure of 3-45 pmole/cm?. sec for beating 
pairs of auricles, but this figure is based only on the slow component of the 
efflux curve, which deviates considerably from a simple exponential, and 
includes no allowance for delays due to diffusion (Harris & Burn, 1949), and 
is therefore an underestimate. 

In view of the complex actions of actylcholine on auricles, its effect on 
_ potassium movements is particularly interesting. It has been inferred from 
observed electrical changes that acetylcholine increases the permeability of 
atrial cells to potassium (Burgen & Terroux, 1953; Marshall & Vaughan 
Williams, 1956; Trautwein & Dudel, 1958) and it is known that vagal stimula- 
tion (Howell & Duke, 1908) and acetylcholine (Lehnartz, 1936) causes libera- 
tion of potassium from auricles; but it is not clear from such observations 
whether the net loss is purely due to increased potassium efflux or whether 
movement against the concentration gradient is also accelerated. Harris 
& Hutter (1956) have shown that in frog auricles and sinus venosus “K 
movements are accelerated in both directions by acetylcholine. Anticholin- 
esterases might be expected to act in a similar way to acetylcholine, although 
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reduced potassium loss in the presence of physostigmine has been described 
by Holland (1954). 

The present paper reports observations on the uptake and loss of “K and 
the totakpotassium content of inactive and beating rabbit auricles without 
treatment/ or exposed to acetylcholine, carbachol, eserine and electrical 

stimulation. The observations show that influx and efflux of potassium are 
increased by all these procedures, and that part of the potassium, at least in 
beating auricles, exchanges less quickly than the rest. 


METHODS 


The methods of Rayner & Weatherall (1957) were used with minor modifications, as follows: The 
salt solution used contained (mm): Na 145, K 5-8, Ca 1-7, Mg 1-2, Cl 128, HCO, 25, SO, 1-2, 
H,PO, 1-2, dextrose 11, and was equilibrated before and during use with 95% 0,+5% CO,. 
Auricles were prepared and stretched on frames as previously described, so that they formed 
triangular or quadrilateral sheets with a mean surface area of 2-08+0-98 (s.p.) cm* and a mean 
thickness (determined from the ratio of volume, taken from the weight and an assumed specific 
gravity of 1-06, to area) of 0-044+4 0-015 (s.p.) cm. They were placed in a bath of flowing oxygen- 
ated saline at 37° C so that the auricle lay over the end window of a Geiger—Miiller tube. The bath 
was modified from that previously used (Creese, 1954) in various ways, directed to maintaining a 
more regular flow, a more constant depth and a more rapid clearance of materials from the bath. 
The principal adaptations consisted of introducing fluid through a number of small holes spaced 
across one end of the bath, instead of through one large hole, tapering the opposite end of the bath 
and leading the outflow to a constant-level device. The mechanical contractions of the auricles 
were recorded isometrically and transmitted by a rigid lever to a piezo-electric crystal, fed through 
a single stage amplifier to an oscilloscope (Cossor model 1049, Mark III) and photographed. The 
tissues were stimulated in some experiments with square-wave pulses (duration 2 msec) from a 
generator (Bernstein, 1950) through two platinum electrodes: the output of the stimulator was fed 
also to the second beam of the oscilloscope. To avoid changes in the potassium fluxes consequent 
on dissection at room temperature and immersion in a new medium at 37° C, auricles were left for 
at least 1 hr in medium not containing tracer before their ““K uptake began. The rate of uptake 
of “K was sometimes followed 2s suggested by Persoff (1958), by passing a radioactive medium 
through the bath containing the auricles over the end window of a Geiger counter, as well as using 
the apparatus with inactive medium for determining the rate of efflux. The radioactivity in the bath 
was necessarily high, but could be reduced by over 99 % to within double the original background by 
flushing for 40 sec with inactive medium. When an auricle on its supporting frame wasimmersed in 
theactive medium, the count of the contents of the bath fell by up to 12%, presumably because part 
of the active medium was displaced by tissue containing no radioactive material; subsequently 
the count rose, reaching values 30-50% above the original count of the active medium in the bath 
after }~1 hr, as expected while the tissue concentrated “K. In order to estimate the count due to 
the tissue alone, the bath was flushed with inactive medium and the efflux of ‘*K from the tissue 
was followed for 20 min: the counts in the last 15 min were extrapolated to give the auricle count 
at the moment of changing from active to inactive medium, and the count so estimated was 
deducted from the final count observed during the influx period to give the count due to the active 
medium. The apparatus was calibrated by ashing the auricle as described below, dissolving the 
ash in a standard volume, and estimating its radioactivity in a liquid counter (Type M6, 20th 
Century Electronics). A suitable dilution of the soak-in medium was estimated similarly, and the 
amount of potassium taken up from the medium and remaining in the auricle was calculated from 
the ratio of these counts and from the concentration of potassium in the medium. The validity 
of this procedure was checked in two ways. First, the uptake of “*K so estimated after periods of 
immersion in active medium was compared with uptakes in other auricles determined by ashing 
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and estimating in a liquid counter without any period of efflux; agreement was within the limits 
of experimental error. Secondly, however long the immersion, the total uptake of “*K should in no 
case have led to an estimated specific activity of the tissue greater than that of the medium. 
Apart from experiments in which treatment during efflux probably caused loss of potassium and 
the final potassium content of the auricle was abnormally low, this criterion was consistently 
fulfilled. Drugs were administered either by changing to perfusion with medium in which drug 
was dissolved or by leaving the main perfusion undisturbed and infusing a separate solution from 
a mechanically driven syringe through a polythene tube into the bath upstream from the tissue: 
the rate of infusion was approximately 0-3 ml./min and the rate of flow of medium was about 
30 mL/min. The final concentration of drug when this technique was used was therefore approxi- 
mately 1%, of the solution injected, though the figures so obtained may have an error of 10%. 
No conclusions are reached which depend on differences of this magnitude. Each auricle was 
ashed for 90 min at 120° C in 1 ml. of a mixture of nitric and perchloric acids (10:1, v/v) and the 
acid was removed by evaporating at 180° C. The ash so obtained was dissolved in water and made 
up to 25 ml. for estimation of radioactivity, sodium and potassium. Clear neutral solutions were 
consistently obtained in this way, whereas ashing in nitric acid alone as previously used sometimes 
failed to remove traces of fat. Recoveries of added potassium by the new method ranged from 
94-8% to 100-8% (7 estimations, mean 99-6%). 


RESULTS 
Inward movement of @K 


If the tissue potassium exchanged uniformly, and the fluxes in each direction 
were either equal or proportional to the concentrations of potassium inside and 
outside the cells, the “K content of the tissue would approach exponentially 


0 10 0 


Minutes 
Fig. 1. Uptake of “*K by left (©) and right (@) auricles. Expts. 3L and 3#. 
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a value such that the specific activities of tissue and medium were equal. 
These conditions are not exactly realized, but it is convenient to describe 
the rate of uptake over short periods by the slope of the line best relating 
In (1—f) to time, where f is the fraction of the total tissue potassium which 


TaBLe 1. Uptake of “K by unstretched auricles 


K content Specific activity 
Duration No. of [K}, (m-equiv/kg dry; (% of medium 
Treatment (min) expts. (m-equiv/1.) mean + 8.B.) mean + 8.E.) 
Left auricles 
Control 20 3 4-5 277+ 2 28-341-4 
Carbachol 1 20 3 45 330 + 27 34-74 2-8 
Control 20 3 5-3 311413 21-9410 
Carbachol 1 «m 20 3 5-3 339+ 21 30-9 + 2-2 
Right auricles 
Control 20 3 45 283+ 8 35-04 1-5 
Carbachol | 20 3 4:5 294 + 28 36-5 + 6-3 
Control 20 3 5-3 318+ 8 33-8 + 2-6 
Carbachol 1 um 20 3 5-3 309+ 14 30-941-8 
TABLE 2. Rate of entry of “K in left auricles 
Influx rate constant (min~') 
Dry Cell Final P A ———, 
weight volume Period Period Period 
Expt. Treatment (mg) (ul.) (mM) (1) (2) (3) 
1L Control throughout 13-2 27 152 0-015 0-014 — 
2L Control throughout 12-4 21 160 0-016 0-016 _ 
38L Control throughout 12-6 26 166 0-014 0-014 — 
4L Control throughout 17:1 30 174 0-013 0-013 ~~ 
5L (1) Control; : 13-5 28 127 0-015 0-015 _ 
(2) ACh 1 um 
6L (il trol 14-3 31 150 0-012 0-112 os 
7L (1), (3) Control; 15-0 39 114 0-011 0-015 0-008 
2) ACh & 
8L ( (3) Control; 9-9 22 150 0-020 0-028 0-016 
) ACh 36 
9L (1), (3) Control; 22-0 47 136 0-013 0-021 0-012 
2) CCh 1 um. 
10L (1), (3) Control; 32-8 56 169 0-011 0-015 0-013 
(2) CCh 1 um 
11L ACh 28 um 13-2 29 142 0-018 — — 
12L OCCh 1 um 19-4 33 181 0-024 
13L CCh 1 um 22-5 39 157 0-030 
14L CCh lum 20-2 46 123 0-030 
15L Stim. 4/sec through- 15-6 30 146 0-025 0-025 — 
out; (2) ACh 1 um 
16 L 2/sec through 6-9 26 108 0-025 0-027 0-021 
out; (2) ACh 4 
WL ion throngh- 6-4 25 108 0-024 0-015 0-029 
out; (2) ACh 16 um 
18L Eserinel0pumthrough- 23-8 62 120 0-015 0-028 0-013 
out; (2) ACh 1 
19 Enorine 10 pM ae 22-3 40 142 0-019 0-021 0-012 
out; (2) ACh 1 um 
20L Eserine 10 pm+stim. 27-7 53 149 0-019 0-020 0-017 
2/sec throughout ; 
(2) ACh 1 um 


ACh, acetylcholine; OCh, carbachol; periods (1), (2), (3), successive periods of 15 min, beginning 
5, 20 and 35 min respectively after exposure of auricles to radioactive medium. 
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has exchanged. When In (1—f) was plotted against time for normal auricles, 
lines were obtained with no consistent departures from rectilinearity in the 
first 30 min (Fig. 1) and mean slope 0-0140 + 0-0027 min- (s.p. for 10 observa- 
tions) for left auricles and mean slope 0-0214 + 0-0035 min- (s.p. for 10 obser- 
vations) for right auricles. These figures correspond to an exchange of 25% 
and 35% respectively of the tissue potassium in 20 min, and agree closely 
with those found for unstretched auricles immersed free in oxygenated medium 
with slightly lower potassium concentration (Table 1; and also Rayner & 


TasBie 3. Rate of entry of “K in right auricles 
Influx rate constant (min~") 


Cell Final - 
t volume [K}, Period i Period 
Expt. Treatment (mg) (pl) (mm) (1) (2) (3) 
1R Control throughout 132 2 162 OF021 0-021 _ 
2R Control throughout 128 26 149 0-022 — 
3R Control throughout 16-6 37 133 0-018 0-018 — 
4R Control throughout 12-8 22 177 0-019 0-019 — 
21R Control throughout 12-4 30 147 0-023 0-018 — 
7R_ (1), (3) Control; (2) ACh ae 14-6 36 117 0-021 0-015 0-009 
8R (1), (3) Control; (2) ACh 20 um 9-5 19 159 0-030 0-026 0-019 
22R (1) Control; (2) ACh 30 um 9-7 21 163 0-018 0-016 _— 
9R (1), (3) Control; (2) CCh 1 um 16-4 30 124 0-020 0-013 0-011 
10R (1), (3) Control; (2) CCh 1 um 22-6 36 161 0-022 0-015 0-018 
23R ACh 2um 11-0 38 97 0-022 — — 
11R ACh 30 um 11-6 29 127 0-037 _- — 
12R CCh lum 19-7 39 151 0-028 
13R CChli 19-5 36 129 0-029 
144R CChi 11-8 19 161 0-030 
24R Stim. 2-6/sec throughout 14-6 38 129 0-028 0-028 -- 
15R Stim. 4/sec throughout; 14-2 31 141 0-026 0-026 —_ 
(2) ACh 1 pm 
17R_ Stim. 2/sec throughout; 8-6 27 111 0-032 0-032 0-011 
(2) ACh 4 um 
25R Stim. 2/sec throughout; 9-0 14 158 0-026 0-025 ~ 
(2) ACh 10 um 
26R Stim. 2/sec; ACh 5 um 12-8 32 134 0-028 _ — 
18R Eserine 10 um throughout; 18-3 45 113 0-025. 0-028 0-021 
(2) ACh 1 um 
20R_ Eserine 10 um +stim. 2/sec 16-8 34 132 0-026 0-026 0-018 
throughout; (2) ACh 1 um 
Abbreviations as in Table 2. 


Weatherall, 1957). It therefore appears that stretching the auricles and the 
additional handling involved in setting up the stretched preparation do not 
greatly influence the potassium influx an hour later, and the results obtained 
by the two methods may be regarded as comparable. Observations on influx 
were sometimes extended to 50 min without showing appreciable changes in 
slope, at least in left auricles. After 50 min the rate of change of the tissue 
count was becoming small compared with the random fluctuations, and esti- 
mates of the slope were unreliable. Results of individual experiments are 
shown in Tables 2 and 3, with details of the tissue potassium concentrations. 
A large part of the variation between individual auricles is related to the size 
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of the tissue. As Fig. 2 shows, the rate constants are on the whole greater in 
smal! auricles. It is likely that the slower rates in larger auricles are due to 
delay in exchange by diffusion through the thicker tissues. 


Outward movement of *K 
Typical curves showing the efflux of “K, estimated by direct counting, 
from untreated left and right auricles are plotted semilogarithmically in 
Fig. 3. The decline in count of left auricles is nearly linear, with an initial rate 
constant (based on the efflux 5-20 min after transfer to inactive medium) of 
0-0168 + 0-0029 min- (s.D. of 14 observations on separate auricles); there was, 
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Fig. 2. Relation of influx rate constants to dry weight of left (©) and right (@) auricles. 


however, always some decrease in the slope as the experiment proceeded, so 
that the apparent rate constant declined to 0-0125 + 0-0020 min (s.p. of 
4 observations on separate auricles) during the fourth hour of efflux. In those 
experiments in which the rate constants for influx and efflux were measured 
successively on the same auricles between 5 and 20 min after applying first 
active and then inactive medium, the efflux rate constant over this period was 
consistently higher (by 20-40 %) than the influx rate constant. In right auricles 
curvature of the semilogarithmic plot was consistently greater ; the initial slope 
was steeper than that for left auricles with a mean rate constant of about 
0-032 min~ and the late part parallel to or at times slightly flatter than that 
observed in left auricles during the fourth hour. As in left auricles the rate 


constant early in efflux was consistently greater than that early in influx: the 
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18L 


10 wm throughout; serine 10 um 


AChlI 1 wm 20-35 min 


149 


27-7 


+stim. 2/sec 


Eserine 10 um +-stim. 2/sec serine 10 um 
throughout; ACh 1 um 
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difference was greater than on the left, being usually by a factor between 
1-5 and 2-0. Results of individual experiments are summarized in Tables 4 
and 5. 
Estimation of potassium fluxes in quiescent auricles 

In left auricles the exchange of potassium is sufficiently nearly uniform to 
justify estimating potassium fluxes in the conventional way (Harris & Burn, 
1949; Keynes & Lewis, 1951). Application of the procedure, including esti- 

100 


% of initial 42K remaining in auricle 


4p 
_J 
0 60 180 240 
Minutes 


Fig. 3. Efflux of “K from left (©) and right (@) auricles. Expts. 29L and 282. The curve 
through the points for the left auricle is that expected for a tissue exchanging with mean 
rate constant 0-0115 min- and s.p. the natural logarithm of the rate constants +0-6. The 
curve through the points for the right auricle is given by the expression Y = 0-6(1 —e~**"*) 
+0-4(1 —e-®-98"), Some of the counts taken have not been plotted, in order to avoid 
overcrowding the graph. 


120 


mates of necessary tissue dimensions and correction for diffusion (Keynes, 1954), 
has been described previously (Rayner & Weatherall, 1957) and need not be 
repeated. The potassium concentrations of the auricles at the ends of the 
experiments, whether treated with drugs or not, were within the range 
observed for fresh auricles (Rayner & Weatherall, 1957), and no adjustment 
has been made for the small losses of potassium which probably occurred. 
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All estimates are based on the final quantity of potassium in the tissue. As 
the inward and outward rate constants in the present experiments are some- 
what higher than those previously observed by us, probably because of the 
raised external potassium concentration (D. A. Persoff, unpublished), the 
ratio of apparent to ‘true’ fluxes is larger than before, being usually of the 
order of 0-4 or 0-5. Some doubt may be felt about the value of results involving 
such a large correction, but mean values so calculated are given in Table 6 
as provisional estimates. 

The moderate departure from a strictly exponential relationship may be 
accounted for in various ways. The addition of a second exponential term 
with a slightly slower rate constant to the equations naturally improves the 
description of the influx and efflux curves. Such a double exponential process 
implies division of the tissue potassium into more than one part and this 


TasBLe 6. Estimated K fiuxes in left auricles 


Influx Efflux 
No. of (pmole/cm*. sec ; No of (pmole/cm*. sec ; 
Treatment expts. mean +8.D.) expts. mean +8.D.) 
Control 4 11-44 3-5 5 16-9+43-1 
Carbachol | um 5 32-44 15-5 2 36-1413 


possibility receives further attention later. A somewhat more complex com- 
bination of exponential terms has been derived by Creese, Neil & Stephenson 
(1956) to account for the influx and efflux curves of “K exchange in rat dia- 
phragm on the basis of a log-normal distribution of individual rate constants. 
A theoretical curve of the type described by these authors is used in Fig. 3, 
and the fit with observed points is very good. The value adopted (0-6) for 
A (the s.p. of the natural logarithms of the individual rate constants) is larger 
than that in diaphragms and implies considerable variation between individual 
cells in the tissue; on the other hand there are advantages in using this method 
of analysis because the initial inward rate constant gives an accurate estimate 
of the mean rate of exchange. Whatever interpretation is used, the difference 
between inward and outward rate constants can be attributed to differences 
in the degree of labelling of different parts of the tissue potassium at the 
beginning of efflux. The duration of influx was never sufficient for the tissue 
potassium to exchange fully, so the more rapidly exchanging potassium will 
have been more heavily labelled than the slower part and had the effect of 
making the apparent efflux rate an exaggerated estimate. It follows that the 
efflux rates given in Table 6 are too high, and the true effluxes are on this 
assumption only slightly greater than the influxes. 

Treatment of the results with right auricles in the way described by Creese 
et al. (1956) requires a much larger value for A, implying a variation in in- 
dividual rate constants of over +80°%: moreover, curves of this type fit the 
results less well than on the left. Right efflux curves in the range studied, i.e. 
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up to 4 hr after beginning the wash-out period, are well fitted by curves which 
are the sum of two exponential processes, i.e. 


Y = +(1—a)e-*#} 


with values of k, between 0-033 and 0-050 min-", of k, between 0-008 and 
0-012 min-, and of a about 0-8. If it is assumed that the influx of “K followed 
a similar double exponential course, as is consistent with the available observa- 
tions, then the fast component would be nearly 100% labelled after the 80- 
90 min duration of “K uptake in these experiments, while the slow component 
would not be more than 50-70 % labelled; and it is reasonable to suppose that 
a would have been somewhat smaller, probably about 0-7, if the tissue had 
been soaked in the ““K medium until all the potassium was equally labelled. 
The possible significance of these values is discussed later. 


Effect of electrical stimulation 

Electrical stimulation for periods of 15 min, generally at rates between 
2 and 4 per second, increased the inward and outward movements of “K 
(Fig. 4). The effect was greater in left than in right auricles, and about equal 
on inward and outward movements. In auricles driven at 2-4 per sec the 
rate constants for “K entry were 0-0247 + 0-0003 (s.z.) min for left and 
0-0273 + 0-0007 min- for right auricles, with less difference between left and 
right auricles than when they were not stimulated. Similarly for “K efflux 
the constants were closer than before, being 0-0285 + 0-0014 min- (left) and 
0-0320 + 0-0030 min- (right) (see Tables 2-5). Stimulation at 8 per second 
gave values in the same range, but the auricles failed to follow, showing instead 
frequent irregular and weak contractions. When left auricles were stimulated 
continuously throughout 50 min of uptake of “K followed by 3 hr of efflux into 
an inactive medium, the rate of “K efflux declined more than usual for left 
auricles (Fig. 5), though the departure from linearity was not as great as in 
normal right auricles. Similar observations have been made on left auricles 
stimulated only throughout “K efflux (Persoff, 1958). The efflux curve of 
left auricles stimulated during 50 min of uptake of “*K but not during efflux 
did not differ appreciably from the usual efflux curve of left auricles (Fig. 5). 


Estimation of the increased potassium flux due to stimulation 
If all the uncertainties suggested by departures from a simple exponential! 
loss of “K are ignored, it is possible to estimate the extra efflux of potassium 
during stimulation in experiments such as that shown in Fig. 4. The mean flux 
before and after each period of stimulation has been calculated and corrected 
for diffusion as before, and deducted from the similarly calculated flux during 
the period of stimulation. From Expt. 43 (Fig. 4) the value so obtained is 
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1-58 + 0-47 (s.8.) pmole/em*.impulse. Other experiments give values of the 


same order, but so many assumptions are involved in reaching this figure that 
it must be regarded with much caution. 


Effects of choline esters and eserine 
Acetylcholine accelerated the loss (Table 4), and in sufficient concentration 
(54m) accelerated also the entry of “K in quiescent left auricles (Table 2, 
Expts. 7L, 8L; Fig. 6). In right auricles and in electrically driven left auricles 
its effects were less simple. The concentrations of acetylcholine used all 
A B c D 


Stim/sec of initial “2K remaining in auricles _, 


35 50 65 80 95 110 125 140 155170 185 200 21 
Minutes 


Fig. 4. Efflux of “K from left auricle at different rates of stimulation. A, mechanical response of 
unstimulated auricle 57 min from start of wash-out period. B, C, D stimulus (upper line) 
and mechanical response (lower line) of auricle at 107, 137 and 195 min from start of wash- 
out period. H#, **K count of auricle. The numerals above each group of points give the rate 
constants (in 10-* min-) and the letters below refer to the records at the top of the figure. 
F, rate of stimulation. Expt. 43 L. 

weakened the contractions and in spontaneously beating auricles reduced the 

rate of beating by 10-90%. Whatever the effect on the tissue, efflux of “K 

was usually accelerated, but the rate of uptake of “K was affected rather 

variably (Table 3). Carbachol (1 um) acted like acetylcholine, consistently 
accelerating inward and outward movement of “K in left auricles (Tables 

1-3), but affecting “K influx in right auricles more variably. During “K 
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efflux, carbachol always increased the efflux rate, even though the auricles 
were slowed or stopped. 

In order to minimize possible losses of acetylcholine by destruction in the 
tissue, some experiments were made in the presence of eserine (10 um). This 
concentration of eserine is much lower than that (5 mm) used by Holland 
(1954). In its presence, the inward and outward rate constants in left and right 


| 
0 66 120 780 
Minutes 
Fig. 5. Efflux of “K from left auricles, unstimulated (©) and stimulated at 2/sec ( x) during 
efflux. Both auricles were stimulated at 2/sec during uptake of “K, in the 51 min before 


zero time. Expts. 30 L and 38 L. The curves indicate the probable course of efflux and have no 
mathematical significance. 


auricles were always higher (Tables 2-5) than the mean values for controls 
given above. The number of experiments is small, and the difference signi- 
ficant only for the left efflux (control mean 0-0168 + 0-0008 (s.z.) min-: eserine 
mean 0-0215 + 0-0005 min-': ¢ = 5-1; P < 0-001: for the left influx the figures 
are control 0-0140+0-0009 min-, eserine 0-0170 + 0-0020 = 1-38; 
P=0-2). Eserine had no striking effect on the contractions of the tissue, but 
when it was used it was applied throughout the experiments, and small 
effects would not have been apparent in comparison with variation between 
preparations. As auricles are known to synthesize acetylcholine as well as to 
hydrolyse it (Biilbring & Burn, 1949) these increased movements of potassium 
were probably due to protection of the acetylcholine formed in the tissue, 
though a direct effect of eserine is not excluded. The presence of eserine (10 uM) 
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augmented the effects of small concentrations of acetylcholine (1 um) on influx 
in left auricles: as before, the effect on influx in right auricles was equivocal. 

In some experiments, with or without eserine, auricles were driven at 
2 per second and the effect of acetylcholine was observed on the influx. 
Stimulation at this rate gave rate constants of 0-020-0-025 min- and 0-025- 
0-030 min~ in left and right auricles respectively; these are values such as 
might be produced by acetylcholine alone, and acetylcholine administered in 
these conditions had no consistent extra effect on the rate constants, which 


remained on the whole unchanged. 
100;- 
& 
32 
25 
|ACh 204M | 
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Fig. 6. Influence of acetylcholine on efflux of “K in left (©) and right (@) auricles. Acetylcholine 
was infused to give a final concentration of 20 um during the middle period. Expts. 8L 
and 8 R. 

DISCUSSION 

The results with quiescent auricles are at first sight straightforward. The 

potassium of the tissue appears to exchange fairly uniformly, though the 

variation between different cells is rather large. As there is some variation, 
and as efflux measurements were made on tissues which had not reached the 
same specific activity as the soak-in medium, the more rapidly exchanging 
part of the tissue potassium will make an exaggerated contribution to the 
efflux rate constants and the estimates of efflux in Table 6 are probably a little 
high. There is sufficient variation in the potassium concentration in different 
auricles to make estimates of gain or loss of potassium in individual cases 
unsatisfactory, but the mean level in control auricles and our previous observa- 
tions suggest that there were slight losses of potassium during all experiments, 
though not as large as the flux differences of Table 6 suggest. 

Acatyleholine and carbachol accelerated movements in both directions. 

Efflux appeared to be sensitive at lower concentrations than influx, but 

this may indicate only that an effect on influx was too small to detect at 
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these concentrations. This is to be expected if there is an increase in the 
permeability of the cell membrane to potassium. All the efflux of potassium is 
presumably regulated by the passive permeability of the membrane, whereas 
a large part of the influx may involve active transport which is not necessarily 
affected by choline esters. 

In active auricles the exchange of potassium is less uniform and approxi- 
mates closely to what would occur in a system consisting of one part exchanging 
with a rate constant of about 0-04 min- and a smaller part exchanging at a 
little more than 0-01 min-. The fast part is not due to the anatomical pace- 
maker, as we previously suggested (Rayner & Weatherall, 1957), because a 
similar fraction appears in left auricles when they are driven electrically. 
Earlier experiments (Rayner & Weatherall, 1957, Table 3) suggested that 
there was no fast uptake by left auricles which were beating in undivided pairs, 
but the results could have been vitiated by inadequate allowance for the effects 
of cutting the bridge of tissue between the two auricles. If it is assumed that 
exchange of a little potassium (2—4°%) of each auricle is accelerated by such a 
cut (as it may be by end effects and increased surface area) the typical dif- 
ference between active and inactive tissue is apparent and the previously 
unexplained discrepancy in the faster uptake of separated than undivided 
right auricles is accounted for. 

It is evident that the fast part of the tissue potassium is related to beating 
and does not completely exchange with the remainder as long as beating con- 
tinues: if it did, there would be no slow component at all in the exchange. On 
the other hand, the separation between fast and slow parts of the tissue 
potassium does not persist in any obvious way after activity ceases; as Fig. 5 
shows, after stimulation throughout influx of *K, the efflux follows a typical, 
simple course in an inactive left auricle. 

The distinction might result entirely from differences between cells in 
different parts of the tissue. For instance, only some of the cells in the tissue 
may be active while the rest are either not being excited or are inactive or dead 
for lack of oxygen or other essential metabolites. It seems rather unlikely 
that excitation is not spreading freely in a syncytial tissue such as the auricle, 
but localized injury might abolish activity in some of the cells. Persistent 
depolarization of the central cells of the tissue has been observed in stimulated 
rat diaphragm (Creese, Scholes & Whalen, 1958), but the tissues which they 
used were thicker than the auricles used here and only the central third of their 
tissue was seriously affected. The possibility cannot be entirely excluded, but 
we have seen no histological differences between sections of fresh auricles and 
of auricles which have been beating for 3 hr, and have found no correlation 
between the size of the slow fraction and the thickness of the tissue, such as 
would be expected if the centre of the tissue was damaged by anoxia. 

It may also be supposed that interference with free movement of potassium 
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between the medium and the cell water has more complex effects in active than 
in quiescent tissues. A number of events may affect this movement, including 
extrusion of extracellular fluid at each mechanical contraction, and sudden 
local changes of K or“*K concentration at one or other side of the cell wall, and 
restricted diffusion within cells of the kind suggested by Harris (1957) in 
skeletal muscle. There is evidence that “*K leaves beating hearts at different 
rates in different parts of the cardiac cycle (Wilde, O’Brien & Bay, 1955). 
Diffusion of inulin into the extracellular fluid of rat diaphragms stimulated at 
2 per second is not much altered in rate from diffusion into resting diaphragm 
(Creese, Hashish & Scholes, 1958), so the effect of mechanical disturbances 
appears to be unimportant and the extra output of “K is more probably 
related to changes at the cell membrane. There is a considerable difference 
between the value given by Wilde et al. (1955) of 44-9 pmole/cm?. impulse for 
turtle ventricle and the excess output of 1-6 pmole/cm?. impulse in the present 
experiments, which does not appear to be wholly due to the different experi- 
mental and theoretical procedures used. R. D. Keynes (personal communica- 
tion) has pointed out that Weidmann’s (1952) figures for the electrical charac- 
teristics of Purkinje fibres suggest that the size of the outward movement of a 
monovalent cation necessary to account for the falling phase of the spike in 
these fibres is not less than about 15 pmole/cm?.impulse, and that a reliable 
estimate of this quantity is desirable to establish whether repolarization is due 
to efflux of potassium or to some other process. If “K accumulated in close 
proximity to the cell membrane faster than it was removed by diffusion, and 
80 were involved in to-and-fro movements in the beating or stimulated heart, 
the calculations here would underestimate the true fluxes. This applies also 
to the observations of Wilde et al. (1955) and does not affect the difference 
between their findings and those presented here, but it might be involved in 
discrepancies between electrical and ionic measurements. It is also perhaps 
relevant that the three figures are obtained from different species and different 
types of cardiac muscle, and that much of the difference may arise in this way. 

No effects directly related to beating appear likely to account for the appear- 
ance of fast and slow phases in the exchange of the beating tissue, and a 
more definite physical separation between fast and slow fractions appears 
more likely. The distinction may be sharp, or it may be gradual: the efflux 
curves for two such dissimilar systems as the pure double exponential (bimodal 
without variation at each mode) and the type described by Creese e¢ al. 
(1956) (unimodal with log-normal variation) differ almost undetectably within 
the useful working range if appropriate constants consistent with the present 
results are chosen. The rapidly exchanging potassium may therefore be a 
distinct entity or only the most accessible part of a continuum. From the 
point of view of membrane potential measurements there is some ground for 
expecting part of the tissue potassium to be separate from the rest, since the 
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resting potential is generally found to be about two-thirds of that expected 
from the relative potassium concentrations (Burgen & Terroux, 1953; Furch- 
gott & Sleator, 1954; Marshall & Vaughan Williams, 1956; Trautwein & 
Dudel, 1958). If so, it is necessary to expect the potassium of the left auricles 
to be similarly divided, because the membrane potential is also lower than the 
theoretical potassium potential in quiescent left auricles. No difficulty arises 
in this respect, because the rate of exchange of the slow fraction is so near that 
of the whole left auricle that it would have little influence on the “K uptake 
and efflux curves, which anyway deviate somewhat from a single exponential 
process. In view of the complex structure of cardiac muscle and the known 
high concentration of potassium which may occur in subcellular particles 
(Bartley, Davies & Krebs, 1954; Auditore & Holland, 1956), the isolation of 
part of the potassium in this way is a distinct possibility. It is worth observing 
that three independent approaches (membrane potential measurements, 
separation of subcellular particles by differential centrifugation, and radio- 
active tracer exchanges) give values between 15 and 35% for the size of the 
small, less accessible fraction, and that the lowest figures (15°; Auditore & 
Holland, 1956) are obtained by the method (physical separation) most likely 
to lead to losses of potassium from this fraction. 


SUMMARY 


1. Inward and outward movement of “K has been followed in quiescent, 
spontaneously beating, and electrically driven auricles at 37° C. 

2. In non-beating left auricles the exchange of potassium deviates only 
slightly from a simple exponential process. The rate of influx was estimated as 
11-4 + 3-5 pmole/cm?.sec (s.D. of 4 observations) and of efflux 16-9 + 3-1 pmole/ 
cm?.sec. The potassium contents of individual auricles kept under standard 
conditions for various times showed an average net loss of potassium corres- 
ponding to a smaller difference, and possible sources of this discrepancy are 

3. In beating right auricles, the “K exchange required at least two ex- 
ponential terms for its description, the early part of the exchange being 
faster than in quiescent left auricles. 

4. Stimulation of inactive auricles initially accelerated the “*K influx and 
efflux. Stimulation continued throughout efflux produced an initially fast 
and later slow loss of “K resembling that in spontaneously beating tissues. 

5. Acetylcholine (4-30 um) accelerated influx and efflux of potassium in 
left auricles. Efflux was more affected and the net loss of potassium from the 
tissue was increased. Carbachol (1 um) acted similarly. 

6. Acetylcholine accelerated efflux of potassium in right auricles. Its effect 
on influx in right auricles was variable. 


“anal 


| exc 
di 
4 
ay 
Au 
| B 
Bo 
a Cz 
Ce 
I 
Cr 
3 Fu 
g 
] 
Hc 
4 
| He 
Hc 


ct 


POTASSIUM IN AURICLES 409 


7. It is concluded that only part of the tissue potassium is involved in the 
exchanges which occur with each beat of the heart, and the significance of this 
division is discussed. 


The expenses of this work have been met by grants from the Medical Research Council and the 
Central Research Fund of the University of London. 
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THE EFFECT OF CHANGES IN EXTRACELLULAR POTASSIUM 
CONCENTRATION ON THE INTRACELLULAR POTENTIALS OF 
ISOLATED RABBIT ATRIA 


By E, M. VAUGHAN WILLIAMS 
From the Department of Pharmacology, University of Oxford 
(Received 31 July 1958) 


A study has been made of the effect of changes in the external potassium 
concentration on the resting potential and on the rate of repolarization of the 
action potential in isolated rabbit atria. Previous measurements of resting 
potentials in atrial muscle (Burgen & Terroux, 1953a; Hoffman & Suckling, 
1953; West, 1955; Hollander & Webb, 1955) have shown rather wide variations 
in the values observed. Attempts to relate resting potential to external K 
concentration require the assumption that the intracellular K does not vary 
greatly from one fibre to another, which is not unreasonable in cardiac muscle 
where syncytial connexions exist between cells. If, however, fibres exist whose 
resting potentials truly vary between 36 and 91 mV in the same solution of 
5-6 mm potassium (Burgen & Terroux, 1953a), either the ratio between intra- 
cellular and extracellular K concentration does not govern the resting 
potential, or the intracellular K varies from at least 22 to 174 mm in individual 
fibres. On the other hand, such wide variations in observed resting potentials 
may be greater than the true variation between individual fibres. In frog 
muscle it has been shown that by elimination of artifacts measurements of 
resting potential can be made which indicate a rather small variation between 
different fibres (Adrian, 1956), which encouraged the belief that the variation 
in cardiac muscle fibres might not be much greater. 

The influence of changes in the external potassium concentration on the 
rate of repolarization of the action potential has also been studied, because it 
has been suggested that the antifibrillatory action of potassium may be due to 
a retardation of the exit of potassium from atrial fibres, leading to a prolonga- 
tion of the phase of repolarization (Burn, Gunning & Walker, 1956). In frog 
ventricle (Carmeliet & Lacquet, 1956), however, and in Purkinje fibres 
(Weidmann, 1955) there is evidence that the phase of repolarization is actually 
shortened by high external K concentrations. 
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METHODS 

The apparatus has already been described (Vaughan Williams, 19586). Isolated rabbit atria beat 
horizontally in a bath of 15 ml. capacity at 3140-1° C. Contractions, recorded with an RCA 5734 
transducer, were displayed on one beam of a Dumont 322 oscilloscope, and intracellular potentials 
on the other. The atria were driven at 165 beats/min through Ag~AgCl electrodes on the left 
atrium. Intracellular potentials were recorded from the right atrium some distance from the 
pace-maker. The oscilloscope sweep was started by the stimulus, and at the end of ite traverse 
delivered a pulse to a Grass Camera to change one frame of the film. All records were thus obtained 
on stationary film, the frames being shifted automatically between beats. The time at which each 
exposure was taken was recorded to within 0-1 sec. 

The solutions contained: (mm) dextrose 11, Na+ 150, Ca*+ 2-16, HCO; 25, K+ from 1 to 11 and 
Cl- from 176 to 187, equilibrated with O, 95%, CO, 5%. The solutions were at first made up 
without potassium, and the desired potassium concentration was then obtained by additions from 
a separate solution of Analar KCl with a pipette. The solution flowed continuously past the atria 
at a rate such that a test dye crossed the bath in 1 min, and was eliminated in 15 min. 

Electrodes were pulled in batches of about a hundred, every fourth being examined under the 
microscope. When filled with 3m-KCl their resistance was measured under the conditions in 
which they were subsequently to be used during the experiment. Electrodes with resistances 
between 10 and 30 MQ, and with tip potentials <10 mV, were retained and stored in 3m-KCl in 
numbered tacks. Since atrial fibres shorten concentrically, it was possible with small platinum 
instruments to manoeuvre into the micromanipulator field the region of the atrium which formed 
a centre of contraction, i.e. which did not itself move, but towards which the surrounding fibres 
contracted from all directions. An almost motionless area was thus obtained for micro-electrode 
penetration without interference with the record of contractions. 


RESULTS 
The relation between external potassium concentration and 
resting potential 

At the potassium concentrations commonly accepted as normal for rabbit 
atria, 5-0-5-6 mm (Manery, Davidson & Hastings, 1938), resting potentials as 
low as 50-60 mV were sometimes observed. It was considered improbable that 
there were fibres with potentials truly as low as this, because such low values 
were observed less and less often as technique improved. On the other hand, 
no low value could be rejected on the grounds of its lowness alone, without 
recourse to the circular argument ‘the resting potential was low, therefore, 
the fibre was damaged; the fibre was damaged, therefore, the value was 
abnormally low, and should be rejected’. The atrial fibres were far too small 
(diameter about 7, Rayner & Weatherall, 1957) to be seen individually in the 
dissecting microscope, yet if damage or imperfect entry were to be assumed 
some independent evidence was required. Sometimes the course of the re- 
polarization phase was irregular, indicating a movement artifact (Fig. 1A) 
and all such records were rejected. Yet often, the potential might shift from 
that shown in Fig. 1B to that shown in 1C, recorded a few seconds later, 
without any internal evidence from the record itself of damage or artifact. 

It was, however, noted that the low values recorded tended to be less stable 
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and it was this observation which enabled an objective criterion of selection 
to be adopted which finally eliminated much of the variation. The procedure 
was to draw a map of the microscope field and to label two or three sites where 
movement was slight and which were therefore suitable for penetration. The 
micro-electrode was lowered into the fibre bundle and when potentials without 
irregularities were observed photographs were taken every few seconds at 
slow and fast sweep speeds. If on subsequent measurement the resting 


1 2 


100 mV 


5 msec 

Fig. 1. Distinction between contraction artifact and other artifacts. A. 1. Illustration of com- 
plete record obtained at each heart beat. Upper trace, intracellular action potential; lower 
trace, contraction record. Circular target on left is set to zero potential; trace on right, 
externally recorded action potentials from left and right atria; inset on right, time at which 
exposure was made (at 23 min, 28-7 sec). Records 1 and 2 show artifacts easily recognized as 
caused by contraction. B. Intracellular potential records at slow and fast sweep speeds. 
OC. Records at fast speed taken a few seconds later; there is a difference in the observed 
resting potential in spite of the absence of any internal evidence of artifact. 


potential proved to have varied by more than 5 mV during a minimum inter- 
val of 20 sec the records were rejected. If the potential remained stable for as 
long as 20 sec it would usually continue so for a minute or longer, although in 
practice the electrode was often withdrawn when six or more photographs at 
each sweep speed had been taken at intervals of a few seconds. It was then 
reinserted close by, so that a group of observations was built up from one 
labelled region. Another group of observations was then made from a different 
region or regions before the solution was changed. 

When this criterion was adopted of accepting only those records which 


showed less than 5 mV variation for 20 sec, it was found that the actual 
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variation during that time was seldom more than +1 mV, i.e. the resting 
potential either drifted a lot or hardly at all. It was also found that no 
exceptionally low or high values remained in the series of accepted records, 
and at a given external K concentration records from all regions had an 
extreme variation within 10 mV. 
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Fig. 2. Representative intracellular action potentials from two experiments. A. Records taken in 
2-75, 5-5 and 11-0 mm-K. The horizontal dotted line is drawn at zero potential. In 11-0 mu-K 
the overshoot was diminished. All records taken from the same region of the right atrium. 
B. Records taken in 1-0, 6-2 and 8-0 mm-K. The overshoot was not diminished in 8-0 mm-K. 
In 1-0 ma-K the contractions were larger, although the half-time for repolarization was 
reduced. After the middle record had been taken the electrode was withdrawn and the zero 
photographed on the same frame. All records from the same region. 


In Fig. 2 some representative records at different KCl concentrations have 
been depicted. Simultaneous measurements of conduction velocity and con- 
traction were obtained, but in the present paper attention is directed to the 
influence of external K on the intracellular potential. Recordings were begun 


_ 20 min after each change of solution, and in two experiments were.continued _ _ 


for 2-3 hr at each level of potassium to determine whether the resting potentials 
remained the same or returned towards a ‘normal’ value by some adaptive 
activity of the membrane. One of these experiments is shown in detail in 
Fig. 3. The ordinates represent the resting potential in mV, and the abscissae 
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the time which had elapsed since the rabbit was killed. Records were obtained 
from three separate regions in the right atrium, and the observations made in 
each region have been indicated by separate symbols. Individual fibres could 
not be identified, but an attempt was made to return as closely as possible to 
the same region for successive groups of observations by reference to the 
labelled drawing of the microscopic field. It is evident that the new resting 
potential levels were established within a few minutes after each change of 
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Fig. 3. Evidence that the resting potential did not revert towards a ‘normal’ value when the 
extracellular K concentration was changed. Resting potentials measured in three different 
regions of the right atrium in 4-2, 10-08, 4-2, 1-75 and 4-2 mm-K. The vertical lines depict 
the times at which the solutions were changed. The black bars represent the mean resting 
potential in each solution when all observations were treated as a single population; the thick- 
ness of the bars is equal to twice the standard error. Observations made in each of the three 
regions are represented by different symbols, and their height is equal to twice the standard 
error of the group of observations whose number is indicated above or below. 


solution, and that the experiment provided no evidence to support the view 
that the membrane potential can return towards a normal value in spite of 
changes in the external concentration of K (Fleckenstein, Hochrein & Kotow- 


. ki, 1958). The results of the other long-term experiment, in which the atria 


were successively exposed to 4-8, 6-2, 8-0, 4-8, 1-0 and 4-8 mm KCl, were 
similar, though after 14 hr in the 1-0 mm-KCl there was a mean fall of 3 mV. 
Some fall was to be expected, since most isolated preparations slowly lose K 
and gain Na; an effect which is accelerated in low-K solutions, but may 
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apparently be retarded by some factor present in serum (Creese, D’Silva & 
Northover, 1958). Indeed the surprising observation was that in the experi- 
ment of Fig. 3 even after 9 hr, including 3 hr in a low-K solution (1-75 mm), 
the mean resting potential had fallen by only 3 mV. 

If it may legitimately be inferred that after a change of external K the resting 
potential alters but little once the new level is established, then the observa- 
tions at a given KCl concentration may be pooled, and all the measurements 
of resting potential from a single region may be treated as one population for 
statistical analysis. 

In Fig. 4 the results of nearly 2,000 individual measurements of resting 
potential have been plotted at fourteen different concentrations of KCl between 
1 mm and 11 mm. Of these, 1,200 were obtained from six pairs of atria, each 
exposed to three or four different concentrations of KCl. The measurements 
were begun 20-30 min after each change of solution, and were continued for a 
further 30-40 min. Only those observations were included which were made 
within 5 hr after the beginning of an experiment, so that only a few changes of 
solution could be made in each. The other 760 observations were obtained 
from seven other atria within 2 hr of the beginning of the experiment. These 
atria were exposed to one or two concentrations only of KCl. Groups of obser- 
vations from different atria whose means lay very close together have been 
pooled, and the standard error given for the population as a whole. In Fig. 4 
the centres of the black vertical bars represent the means of each group, and 
the height of each bar is equal to twice the standard error. The number of 
observations in the group is indicated by the numerals at the side. The large 
circles represent the means of all observations made at each KCl concentra- 
tion, the total number being indicated by the underlined numerals. 

It is evident that above 4 mu-K there was a steep regression relating resting 
potential to external K concentration. In contrast, the magnitude of the over- 
shoots, shown as open circles below (with the appropriate scale, bottom left), 
was not reduced significantly until the external K concentration reached 
9-5 ma. The effect of concentrations higher than 11 mm was not studied, be- 
cause the atria would no longer follow electrical stimulation. The sudden 
falling off of the overshoot between 9-5 and 11-0 mm is probably a direct 
result of the resting potential having been reduced below the critical level for 
the resetting of Na-carriers. Weidmann (1955) showed that Purkinje fibres 
had to be repolarized to about two-thirds of the resting potential before the 
depolarization process could be fired for a second time. At K concentrations 


_ above 11 mm the resting potential may fail to be repolarized far enough to 


reach the critical level for the resetting of the mechanism for a subsequent 
depolarization. 

In order to assess the relation between the data and the theoretical equili- 
brium potential for K, it is necessary to assume some value for the intra- 
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cellular K concentration. Rayner & Weatherall (1957) gave figures for the 
inulin space, the K content and the wet and dry weight of groups of isolated 
rabbit atria, from which it has been possible to calculate the intracellular K 
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0 0-1 0-2 0-3 0-4 0-5 0-6 0:7 0-8 0-9 1-0 1-1 
Logi external K concentration 
Fig. 4. Relation between resting potential and external K concentration. Ordinate: millivolts; 
abscissa: log,,mm [K]. Each vertical bar represents the mean of the group of observations 
whose number is indicated by the numerals beside it. The height of the bar is equal to twice 
the standard error. The thick circles represent the mean of all observations made at a given 
K concentration, the total number being indicated by the underlined numerals. The solid 
line a is the regression calculated from observations made between 4 and 11 mM external K, 
and has a coefficient of — 5603+ 1-77 mV per tenfold change of external K. The dashed line 
b and the dotted line c have been drawn to equations given in the text. The shaded area 
represents the range of K equilibrium potentials when the intracellular K activity lies 
between 138 and 155 mm The triangles represent previously observed values of the resting 
potential in the presence of ACh. The open circles below represent the mean height of the 
overshoot observed in each group of observations whose resting potentials have been plotted 
above. The appropriate mV scale is at the bottom left. 
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concentrations. The atria were analysed in four groups. The first’group of atria 
(four) were from freshly killed rabbits. The second (five) had been beating 
5-30 min, the third (six) for 120 min and the fourth (three) for 360 min. The 
over-all, mean value for K in the intracellular water was 146-9 ma. The lowest 
value, in an atrium after 6 hr beating, was 138 mm litre. P. J. Goodford (unpub- 
lished observations) has also measured the K content of isolated rabbit atria, 
and his results, using Rayner & Weatherall’s figures for the inulin space, indi- 
cated a K content of 166 mm in fresh atria, and 141 mm in atria which had been 
beating for 1 hr in Locke’s solution and 100% O, (pH approximately 8-0), 
giving an over-all mean of 154 mm. It seems reasonable, therefore, to assume 
that the intracellular K content of the atria used in the present experiments 
was unlikely to have been much less than 138 mm nor more than 155 mm. 
The potassium equilibrium potentials calculated for these extremes according 
to the equation FE, = 59-5 log,,K,/K, have been plotted in Fig. 4 as a shaded 
area. 

The difference in height between the observed potentials and the theoretical 
lines indicates the number of millivolts by which the membrane could hyper- 
polarize in the presence of ACh, if the latter acted solely by increasing its 
permeability to K. The solid triangles represent actual hyperpolarizations in 
the presence of ACh observed in previous experiments on rabbit atria (Vaughan 
Williams, 19582). 


Fitting a line to the observations. In previous studies of the effect of external potassium concentra- 
tion on the resting potential it has been customary to draw a tangent to the steepest part of the 


to the equation Ky 


B = loge (1) 


To facilitate comparison between previous work and the present experiments the regression 
coefficients of all measurements of resting potential at K concentrations between 4 and 11 mm 
was calculated, and was — 56-03 mV per tenfold change of K (plotted as the line a in Fig. 4). 
The etzadard error of the regression coefficient was + 1-77 mV, so that the slope was significantly 
different from the theoretical — 59-5 mV at 31° C (P = 0-05). The measurements were made from 
1487 separate photographs taken at different times, so that each measurement was individually 
subject to variations due to limitations of the accuracy of reading, electrode blockage, fibre 
damage or displacement of the electrode, etc. The criteria for accepting measurements, described 
earlier, made it impossible to say exactly how many fibres were entered, because the electrode 
might have passed from one fibre to another in the same bundle, but provided the resting poten- 
tial did not change by more than 5 mV, the measurement would have been accepted as part of the 
series. The number of fibres entered, however, could not have been less than the number of times 
the electrode was withdrawn into the bath fluid to record a zero reading between penetrations. 
Since there were 174 intercalated zero readings in the series, there were not less than 173 fibres. 
Even if the worst possible situation from the statistical point of view wes accepted, and the regres- 
sion coefficient was calculated from forty pooled groups of observations, \ounting each group as a 
single observation irrespective of the number of fibres it contained so that there were only 


38 degrees of freedom, the regression coefficient came out at - 56-7 mV with a standard error of 
+ 2-53 mV. 
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When the difference between the observations made between 4 and 11 mm-K, and the line a 
was measured, the standard deviation from the line was 2-1 mV, so that there was a highly signi- 
ficant gap between the line a and the shaded area in Fig. 4, the lower edge of which represents 
the value to be expected from equation 1 if the lowest estimation of intracellular K made by 
Rayner & Weatherall (1957) were employed. If, therefore, equation 1 were to apply, on the 
assumption that K permeability was so high that the contribution of other ions to the resting 
potential was insignificant, then either an intracellular K much below those observed by Rayner 
& Weatherall would be required, or the intracellular K activity would be less than the intracel- 
lular K concentration, i.e. a proportion of the intracellular K would be unable to contribute to 
the potential (Harris, 1953; Conway, 1957). In either case the hyperpolarizations observed in the 
presence of ACh could no longer be explained as due to an increase in K permeability. 

Alternatively the gap between the resting potential and the K equilibrium potential could be 
attributed to other ions, especially sodium, whose permeability might be high enough for them to 
make a significant contribution to the resting potential 


RT x Pg +[Na,] x P 

Sinve the Na permeability (Py,) is less than the K permeability, and the intracellular Na (Na,) 
is less than the intracellular K, the expression [Na,] x Py, can be neglected, and the equation 


becomes 
If 146 mm is taken as the intracellular K, the best fit for all the observations is given when P, is 
49-5 times Py,, if the permeability constants do not change, and this equation has been drawn as 
curve 6 in Fig. 4. 

It is possible, however, that the permeability constants do change when the external 
concentration is raised. The P, may increase as an exponential function of K, (Stampfli, 1958), 
and sodium permeability may increase when the resting potential falls. A number of curves 
could be drawn in which P,.and Py, were made functions of K,. Curve c in Fig. 4 is an example, 
and represents the equation 

E = 59-5 (4) 
[K], x Px + 150 x Py, (1+ 
when Px is 42-3 times Py, at 1 mm external K. This equation gives a better fit than equation 3. 
The standard deviation from curve 6 of all the individual observations is 3-39 mV, while the 
standard deviation from curve c is 2:576, a difference of 32%. 

The derivation of these curves is regarded purely as a statistical exercise 
in fitting a line to the observations in Fig. 4, and the extrapolation of such 
curves is of doubtful validity, though extrapolation does give possible values. 
Care was taken to accept measurements from atria beating at constant 
frequency only, in an attempt to achieve to some extent comparable con- 
ditions of metabolic loading. If the external K was raised much higher, the 
atria became uncontrollable and eventually inactive, so that the intermittent 
entry and exit of ions associated with depolarization and repolarization no 
longer occurred. For this and other reasons (Hill & Howarth, 1957), observa- 
tions made on inactive tissue in high-K concentrations need not be expected 
to fit extrapolations of curves which fit observations made on active tissue, 
because the metabolic conditions are not the same. 
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The equations from which the lines a and 6 in Fig. 4 have been drawn are 
well known, and it was of interest to determine to what extent the shape of 
curves expressing them might simulate the trend of the observations. How 
well a given equation fits a set of points can be determined by a statistical 
computation which requires no assumptions and involves no conclusions. 
Whether any valid conclusions may be drawn when an equation fits more or 
less well is a separate question which it would be out of place to discuss here, 
since the whole subject has recently been fully reviewed (Hodgkin, 1958). It 
is emphasized that the fact, that an equation in which the permeability con- 
stants increase as a function of external K fits the observations better than an 
equation in which they do not, is not regarded as justifying the conclusion 
that the permeability constants do in fact so change. Indeed, curve ¢ in 
Fig. 4 is only of interest because there is independent evidence (discussed 
later) from other tissues that K permeability does increase when the external 
K concentration is raised. 


The effect of external potassium concentration upon repolarization 

There is evidence (Hoffman & Suckling, 1954; Hollander & Webb, 1955) that 
an increase of stimulation frequency shortens the duration of the cardiac 
action potential. In order to measure the rate of repolarization in different 
K concentrations it was, therefore, essential to keep the frequency of stimula- 
tion constant. The natural pace-maker of the right atrium beats more slowly 
in high K, and faster in low K. It was found that in 11 mm-K the atria would 
not follow the stimulus regularly above 165 beats/min, and this frequency was 
selected as standard. At K concentrations below 1-0 mm the natural pace- 
maker had sometimes a greater frequency than 165/min. In practice, there- 
fore, it was not found possible to study the effect of K concentrations over a 
wider range than from 1 to 11 mm at constant frequency. 

Atrial action potentials exhibited little or no ‘plateau’ during the phase of 
repolarization, and it was considered justifiable to express the rate of repolari- 
zation as a single measurement, the time taken to repolarize from the action 
potential peak to half the full resting potential. The half-time for repolariza- 
tion was measured in all photographs of the action potential taken at a slow 
sweep speed. In contrast to the small variation observed in resting potentials 
from different sites in the same atria, there was a much greater difference in 
the duration of the repolarization phase in different muscle bundles. Yet 
in any given bundle, provided measurements were made at approximately the 
same site, the durations were remarkably constant. In Fig. 5 the results of 
878 individual measurements of the half-time of repolarization at various 
concentrations of K have been plotted, Each symbol represents the mean 
of a number of observations made from several fibres in a single region of the 
Tight atrium. To avoid confusion the number of observations in each group 
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has not been given, but it was never less than nine nor more than fifty-three, 
and the average number of observations represented by each point was 
eighteen. The standard error was calculated for each group of observations, but 
since it was seldom more than 1 msec the individual standard errors have not 
been plotted. The order in which the atria were exposed to the different KCl 
concentrations has been indicated by the arrows on the lines connecting 
individual points. 


100 


Fig. 5. Effect of external K concentration on the half-time for repolarization. Ordinate: milli- 
seconds. Abscissa: log,,mM([K). Each symbol represents an average of 18 observations (range 
9 to 53). The arrows indicate the order in which solutions were changed in each experiment. 


As already stated the need to restrict measurements to the first few hours 
after the beginning of the experiment limited the number of solutions to 
which each pair of atria could be exposed. Nevertheless some definite con- 
clusions can be drawn from the graph. In every case, up to a concentration of 
5 mm-KCl, the lower the external K, the faster was the rate of repolarization. 
If it could be assumed that the intracellular K concentration did not change, 
and that repolarization was attributable to the outflow of K, the speeding up 
of the repolarization phase in low-K solutions might be attributed to the 
steeper gradient between the intracellular and extracellular K concentrations. 
On the other hand, the graph indicates that at K concentrations of 10 and 
11 mm the half-time for repolarization was also shorter than at concentrations 
between 4-0 and 5-5 mm. If K permeability was increased as the external K 
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was raised, then the shortening of the repolarization phase at high external K 
concentrations might be attributed to this greater permeability more than 
counterbalancing the reduced gradient between the internal and external K 
concentrations. 
DISCUSSION 

A study has been made of the effect of changes in the external potassium con- 
centration on the resting potential and on the duration of the repolarization 
phase of the intracellular action potential in isolated rabbit atria. Previous 
measurements of resting potential in atrial muscle have shown a rather wide 
variation in the values obtained. Burgen & Terroux (1953a) found the mean 
resting potential of 625 cat atrial fibres in 5-6 mm-KCl to be 60-4 mV, with an 
average overshoot of only 4-7 mV. The range of resting potentials was from 
36 to 91 mV. Hoffman & Suckling (1953) observed a mean resting potential of 
85 mV, and an overshoot of 20 mV, in isolated dog atrial fibres in 2-7 mm-KCl, 
but the number of fibres and range of variation were not stated. The same 
authors (Hoffman & Suckling, 1952) had found that 100 selected measurements 
of resting potential made on dog atrial muscle in situ also had a mean of 
85+9mV. West (1955) reported twelve observations of resting potential 
from non-pacemaker regions of isolated rabbit atria in 2-7 mm-KCl, with a 
mean value of 78 mV +3-9 mV, and an overshoot of 12mV. Finally, Hol- 
lander & Webb (1955) recorded a mean resting potential of 62-0 mV (s.p. 5-5), 
and an overshoot of 13-2 mV (s.p. 4-6) on 867 fibres of isolated rat atria in 
2-7 mm-KCL 

If an attempt is to be made to relate resting potential to extracellular 
potassium concentration the question is unavoidable whether fibres in fact 
exist with resting potentials of 40-90 mV, or really have resting potentials 
whose variation is much less but has been imperfectly recorded. The various 
possible sources of error in the measurement of resting potentials with micro- 
electrodes have been discussed in detail by del Castillo & Katz (1955a) and 
by Adrian (1956). In the present experiments, by exclusion of unstable values 
resting potentials were recorded from different fibres which fell within a range 
of 10 mV at any given external K concentration, but it is clear that uncertain- 
ties, due to the possibility of partial electrode blockage, etc., still exist of a 
kind which cannot be eliminated merely by making large numbers of 
observations. 

Hoffman & Suckling (1956), recording from the isolated dog atrium, noted 
that when the external K concentration was increased ‘the expected drop in 
resting potential was recorded’, but a quantitative comparison of resting 
potential and external K concentration was not made. Burgen & Terroux 
(1953) did make such a comparison in cat atria, and observed that the regres- 
sion was much steeper (—38 mV per tenfold change of external K) in high 
than in low-K concentrations. In non-beating strips of dog atria Trautwein 
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& Dudel (1958) observed a regression of —46 mV per tenfold change of K at 
the steepest part of the curve. The present measurements on isolated rabbit 
atria have indicated a calculated regression of —56-03 + 1-77 mV per tenfold 
change of K over a range of from 4 to 11 mm-K. Although this differed by 
only 6% from the theoretical regression of —59-5 mV at 31° C, the difference 
was statistically significant (P = 0-05). 

The effect of external K on repolarization. Weidmann (1955) using sheep Pur- 
kinje fibres, and Carmeliet & Lacquet (1956) using frog ventricle, recently con- 
firmed previous evidence that raising the external potassium concentration 
shortened the cardiac action potential. Weidmann (1956) found that the rapid 
injection of KCl during the action potential plateau of a ventricular fibre of a 
turtle heart caused an immediate repolarization, and one explanation he 
suggested was that the increased external K might itself increase K per- 
meability. Hodgkin (1947) found that small increases in external K concentra- 
tion caused large increases in the membrane conductance of Carcinus nerve. 
Hodgkin & Keynes (1955) pursued the matter further, employing “K, and 
found that K permeability was greatly increased by depolarization, but that 
even when depolarization was prevented by passing current across the mem- 
brane, raising the external K concentration still caused a greater than pro- 
portionate increase in K influx. 

The present experiments have shown that although, in accordance with the 
evidence of Weidmann, the phase of repolarization was more rapid in 10— 
11 mm-K than in 5-6 m-K, the relation no longer held at lower K concentra- 
tions, and the action potential was again shorter in 1, 1-75, and 3-5 mm-K 
than in 5-6 mm. A priori, acceleration of repolarization at low-K concentra- 
tions is to be expected, if K carries the outgoing repolarizing current, since the 
diffusion gradient between internal and external K concentrations is steeper. 
The suggestion by Armitage (1957) and by Holland (1957), that such an 
acceleration might account for the reduced antifibrillatory action of quinidine 
in low K, has been discussed in detail elsewhere (Vaughan Williams, 19585). 
The present evidence has supported the suggestion that repolarization is 
accelerated in low concentrations of K over the range 1-4 mm-K. Increasing 
the K concentration above 6 mm, however, again shortened the duration of the 
action potential. This would be consistent with the view that the permeability 
to K increased in atrial muscle when the external K concentration was raised. 

In contrast to the effect of external K on the resting potential, there was 
no significant fall in the overshoot until the K concentration was raised to 
9-5 mm or more. At still higher concentrations the atria would no longer follow 
electrical stimulation at a regular rate, and the action potential had no over- 
shoot or failed altogether. This is in agreement with the evidence of Crismon, 
Crismon, Calabresi & Darrow (1943) that the P-wave disappeared from the 
e.c.g. when the serum K level was raised to 11 mm or more. 
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- Relevance of results to the mode of action of acetylcholine 

Much evidence has accumulated (Burgen & Terroux, 19536; Fatt, 1954; 
del Castillo & Katz, 19556; Hutter & Trautwein, 1956; Trautwein, Kuffler & 
Edwards, 1956; Harris & Hutter, 1956) that the primary action of ACh 
may be to increase specific permeability to K in atrial muscle. If the resting 
potential is less than that theoretically calculable from the difference between 
the internal and external K activities, then an increase in K permeability 
to a value much greater than that of other ions would allow a hyperpolariza- 
tion as far as, but not beyond, the theoretical equilibrium potential for K. 
Burgen & Terroux (19536) and Trautwein & Dudel (1958) found the hyper- 
polarizations produced by carbamylcholine and acetylcholine respectively 
to be greater in low-K solutions than in high-K solutions. The regressions 
relating resting potential to K concentration in the presence of the drugs were 
—43-5 mV per tenfold change in K (Burgen & Terroux) and —57 mV (Traut- 
wein & Dudel), in comparison with the theoretical —61-5 mV at 38° C. 

If ACh acts by increasing K permeability, a limit is set to the hyperpolariza- 
tion theoretically attainable and the calculation of this limit must depend 
upon what is assumed to be the intracellular K concentration. Fortunately 
two separate studies of the K content of isolated rabbit atria have been made 
recently (Rayner & Weatherall, 1957; P. J. Goodford, unpublished), which are 
in close agreement. In external K concentrations of 5-5-6 mm, the intracel- 
lular K concentration is likely to be 152-155 mm in fresh atria, and not less 
than 138 mm in isolated atria which have been allowed to beat for 6 hr. 
The theoretically attainable voltages in the presence of ACh at any given 
external K concentration can thus be calculated, and values previously ob- 
tained for the hyperpolarization observed in rabbit atria in the presence of 
ACh (Vaughan Williams, 1958a) have been found to agree fairly well with 
theory (Fig. 4). 

In a recent paper Trautwein & Dudel (1958) reported measurements of 
resting potentials in quiescent strips of isolated dog atrium in 2-7 mm-KCl. 
The mean value of the eighteen results given was 73-8 mV, with a range from 
62 to 95 mV. In the presence of ACh large hyperpolarizations were observed. 
Hoffman & Suckling (1953) found resting potentials with a mean of 85 mV both 
in isolated dog atria in 2-7 mm-KCl, and in intact atria in situ, but found very 
little hyperpolarization on vagal stimulation or in the presence of ACh. 


Trautwein & Dudel (1958) suggested that Hoffman & Suckling’s failure to 


observe hyperpolarization might be due to the rather higher resting potentials 
observed by the latter being already close to the equilibrium K potential. 
Trautwein & Dudel recorded hyperpolarizations in the presence of ACh of 
up to 26 mV in 2-7 mm-KCl, and their own estimations of the equilibrium 
potential by a polarizing technique gave values of from 94 to 112 mV, with 


¢ 
3 
4 
7 
‘ 
4 
} 
> 
} 
} 
4 
J 


POTASSIUM ON ATRIAL INTRACELLULAR POTENTIALS 425 


a mean of 101-5. They considered that these could be regarded as agreeing 
with the theoretical value for the K potential (106-6 mV), calculated on the 
assumption that the figure of 151 mm, estimated as the intracellular K con- 
centration of fresh cat ventricle by Robertson & Dunihue (1954), could be 
presumed to be the intracellular K concentration of isolated dog atrium 
also. 

It is difficult, however, to accept simultaneously Trautwein & Dudel’s 
explanations of their own and of Hoffman & Suckling’s results. For if the 
equilibrium K potential in isolated dog atrium is 107 mV, then failure to 
observe a hyperpolarization from an original resting potential of 85 mV cannot 
be due to this being already too close to the equilibrium potential for K. The 
resting potentials observed by Hoffman & Suckling were low enough to have 
permitted hyperpolarizations of at least 20 mV in 2-7 mm-KCl. Further, in 
spite of the low resting potentials observed in strips of cat atria (Burgen & 
Terroux, 19536) carbamylcholine did not cause hyperpolarizations to more 
than 70 mV in 5-6 mm-KCl, and Webb & Hollander (1956) found that hyper- 
polarizations produced by ACh in rat atria were small (2-7-5 mV), and that the 
resting potential did not rise above 63 mV even in the presence of ACh. Most 
isolated tissues slowly lose K, and these low values might be attributed to a 
large fall in the intracellular concentration. The slow rate of loss of K from 
isolated rabbit atria measured by Rayner & Weatherall (1957) does not sup- 
port this explanation, which would not in any case apply to the in situ 
observations of Hoffman & Suckling. The hypothesis that ACh acts by in- 
creasing K permeability specifically may not account wholly for its action. 
There is evidence that the ‘excitatory’ actions of ACh on atrial muscle (Spado- 
lini & Domini, 1940; Biilbring & Burn, 1949; Spadolini & Giachetti, 1953) may 


be due to an effect of ACh on the depolarization process (Marshall & Vaughan > 


Williams, 1956; Vaughan Williams, 1958a), which could be distinct from an 
effect on permeability to potassium. 

The gap between the observed resting potentials and the theoretical equili- 
brium potential for potassium in the absence of ACh has usually been attributed 
to other ions, especially sodium, whose permeability may be a sufficiently 
high fraction of the K permeability to make a significant contribution to the 
resting potential. It was found that an equation in which the permeability 
constants increased as a function of external K concentration fitted the 
observations better than equations in which they did not. This could not be 
taken as justification for the conclusion that the permeability constants did 
so change, but was of interest in view of the independent evidence that 
K permeability increases when the external K concentration is raised. 
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SUMMARY 


1. A study has been made of the effect of changes in external potassium 
concentration on the resting potential and the half-time for repolarization of 
the action potential in isolated rabbit atria. 

2. Between 4 mm and 11 mm-K the calculated regression relating resting 
potential to K concentration had a slope of —56-03+1-77 mV per tenfold 
change in K. | 

3. The half-time for repolarization in solutions of 1, 1-75, 2°75, and 3-5 mm- 
K was shorter than at concentrations of 5-6 mm. At concentrations of 10 and 
11 m repolarization was also faster than at 5-6 mm. This observation would 
be consistent with an increase in K permeability produced by the higher 
external K concentrations. 

4. Resting potentials remained stable at each K concentration for periods 
of up to 3 hr. There was no evidence of any tendency for the resting potential 
to revert towards a ‘normal’ value after the external K had been changed. 

5. Hyperpolarizations in the presence of ACh previously observed lay 
between the regression line observed here and the estimated equilibrium 
potential for K. 


I wish to express my thanks to Mr R. N. T. Bailey, of the Department of Biometry, to 
Mrs H. Sergeant and Miss R. J. Morton of the Department of Human Anatomy, and to Dr M. J. 
Rand of this department for statistical advice and assistance. 
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A POSSIBLE ROLE OF AN INHIBITORY SYSTEM IN VIRUS- 
INFECTED SYMPATHETIC GANGLIA OF THE RAT 


By J. DEMPSHER, T. TOKUMARU anp J. ZABARA 


From the Laboratories of Pharmacology and Physiology, and the Institute 
for Neurological Sciences, University of Pennsylvania School of 
Medicine, Philadelphia, Pennsylvania 


(Received 22 August 1958) 


Spontaneous impulses are discharged simultaneously and synchronously in 
pre- and post-ganglionic nerves of rat sympathetic ganglia infected with 
pseudo-rabies virus (Dempsher, Larrabee, Bang & Bodian, 1955). The virus- 
induced activity in the preganglionic nerve is antidromic (in a direction 
opposite to that occurring normally), whereas in the post-ganglionic nerve the 
activity is orthodromic or in the normal direction. In order to explain this 
derangement, the assumption was made that the activity had its origin in the 
preganglionic nerve endings and was produced by spontaneously released 
acetylcholine (ACh) acting upon the preganglionic nerve endings made super- 
irritable by the virus infection (Dempsher & Riker, 1957). In support of this 
assumption were the following observations. Failure of virus-induced activity 
to develop in ganglia infected after preganglionic denervation, and the 
presence of spontaneous impulses in the preganglionic nerve in advanced 
infections whenever electrical stimulation failed to evoke a post-ganglionic 
response, supported the view that the site of origin (pace-maker) of the activity 
was located in the presynaptic nerve. Suppression of spontaneous impulses 
in the preganglionic nerve whenever that nerve was deprived of its endings, 
and suppression of activity occurring only in the post-ganglionic nerve by 
removal of calcium from the bathing solution, were interpreted to mean that 
the pace-maker was located in the presynaptic nerve endings. The simultaneous 
and synchronous increase in activity in both nerves produced by physostig- 
mine, and the simultaneous and synchronous decrease in activity in both 
nerves whenever tubocurarine was applied, supported the view that the 
virus-induced activity was caused by ACh, and the site of action of ACh was 
the pace-maker located in the presynaptic nerve endings. In accord with 
this interpretation were the following observations. Applied ACh produced 
a simultaneous and synchronous increase in activity in both nerves, thus 
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mimicking the actions of physostigmine. Physostigmine produced an increase 
and tubocurarine a decrease in activity discharged only over the preganglionic 
nerves of ganglia in such advanced stages of infection that electrical stimula- 
tion failed to evoke a post-ganglionic response (Dempsher & Riker, 1957). 
The purpose of this paper is to report experiments exploring a possibility 
that the presynaptic nerve endings were superirritable and released. ACh 
because the virus infection interfered with the normal action of an inhibiting 


system having its origin in the central nervous system (c.N.s.) and exerting 
its action on the presynaptic nerve terminations. In addition, experiments 
will be described in which the possibility was explored that adrenaline, nor- 
adrenaline, or gamma aminobutyric acid were the chemical mediators released 
by the inhibiting system. 


METHODS 


Preparation of the virus-inoculum, described in detail by Tokumaru (1957), was as follows: 
Monkey kidney cell cultures were inoculated with L strain of pseudo-rabies virus. After a 48 hr 
incubation period, virus was harvested in the supernatant fluid after centrifuging infected cultures 
at 3000 rev/min for 5 min. The virus was used either immediately or after storage up to 2 weeks 
at —70°C. Rat superior cervical ganglia were infected following intra-ocular inoculations of 
0-05 ml. of undiluted virus which corresponded to 10* tissue culture infectious doses. 

Observations of function in excised superior cervical ganglia of rates were carried out in a manner 
described in detail by Dempsher et al. (1955). Briefly, ganglia in desired stages of infection were 
excised and suspended upon platinum electrodes in a moist chamber containing a bathing solution 
equilibrated with a mixture of 95% O, and 5% CO,. Impulses in the pre- and post-ganglionic 
nerves were recorded simultaneously by means of capacity-coupled amplifiers and a dual- 
beam cathode-ray oscillograph. Brief electrical stimuli were applied to preganglionic nerves in 
order to test the effects of chemical agents on conduction, and to test the effects of the virus 
infection upon synaptic transmission. 

Observations of function in preganglionic nerves of infected ganglia in situ were carried out in 
the following manner. The carotid sheath was opened along its entire length in the neck region and 
the preganglionic nerve was carefully dissected free from other tissues. The activity in pre- 
ganglionic nerve was picked up by platinum electrodes placed on that nerve about 10 mm from 
the ganglion. Cocaine was applied to the nerves by means of a small wisp of cotton soaked in 
a 1% solution. The site of application of cocaine on the preganglionic nerve, and that of division 
of that nerve between c.N.s. and recording electrodes was 12-15 mm from the ganglion. The site 
of application of cocaine on the preganglionic trunk between ganglion and recording electrodes was 
3-5 mm from the ganglion. 

The experiments deal with the application to infected ganglia of cocaine, adrenaline, nor- 
adrenaline, gamma aminobutyric acid, thiosemicarbazide, and choline 2-6 xylyl ether bromide 
(TM-10). All concentrations of gamma aminobutyric acid, thiosemicarbazide, TM-10, adrenaline 
and noradrenaline, applied to excised ganglia, refer to the final concentration of the salt in the 
bathing solution, 


RESULTS 
Cocaine. The effects of cocaine applied to intact preganglionic nerves 
between ©.N.s. and recording electrodes (centrally) in eight infected ganglia 
appeared to be dependent upon the stage of the disease process. In early in- 
fections producing no, or very little spontaneous activity in the preganglionic 
28-2 
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nerves (Dempsher et al. 1955), cocaine application resulted in activity in the 
preganglionic nerve if initially activity was not present (Fig. 1). Whenever 
a little activity was already present in the preganglionic nerve in early 
infections, cocaine application resulted in greatly increased activity. The func- 
tional effects produced by cocaine persisted until the solution was washed 
away. The interval of time between cocaine application and onset of activity 
in the eight infected ganglia varied from 15 to 60 sec. In late stages of infec- 
tion, with considerable preganglionic spontaneous activity and little or none 
in the post-ganglionic nerves (Dempsher et al. 1955), cocaine application 
Control . 


Cocaine centrally 


Cocaine peripherally 


Fig 1. Effects of 1% cocaine applied between o.n.s. and recording electrodes (centrally) and 
between ganglion and recording electrodes (peripherally) of intact preganglionic nerves of 
superior cervical ganglia in situ in an early phase of pseudo-rabies infection in the rat. 
Activity appeared 50 sec after it was applied centrally; blockade of activity occurred 
immediately when applied peripherally. Calibration scales apply to all oscillograms; 
horizontal time scale, seconds; perpendicular potential scale, 5 u.V. 


resulted in no, or only a small, increase in that activity (Fig. 2). Cocaine caused 
immediate blockade of virus-induced activity in the preganglionic nerves 
whenever applied between ganglia and recording electrodes (peripherally) 
(Figs. 1, 2); this immediate suppresion of activity is in accord with the 
assumption that the virus-induced activity originated in the presynaptic 
nerve endings. 

Preganglionic nerve section. The effects of dividing the preganglionic nerve 
between C.N.S. and recording electrodes in four ganglia in early infections were 
the same as those following cocaine application to the same area; activity 
appeared in the preganglionic nerve if initially absent, and increased if 
initially present. The increase in activity was permanent. Application of 
cocaine to the cut end of one of these nerves did not alter the pattern of 


} 
4 
4 


INHIBITION IN VIRUS-INFECTED GANGLIA 


431 


Cocaine peripherally 


Fig. 2. Effects of 1% cocaine applied between o.n.s. and recording electrodes (centrally) and 
between ganglion and recording electrodes (peripherally) of intact preganglionic nerves of 
superior cervical ganglia in situ in a late phase of pseudo-rabies infection in the rat. Middle 
oscillogram was taken 1 min after cocaine application, the bottom oscillogram immediately 
after cocaine application. Calibration scales apply to all oscillograms; horizontal time scale, 
seconds; perpendicular potential scale 5 «V. The regular vertical deflexions (best seen in the 


bottom oscillogram) are the QRS complex of the e.c.g. 


y-Aminobutyric acid 0-01 ug/ml. 


y-Aminobutyric acid 0-1 xg/mi. 


Fig. 3. Effects of gamma aminobutyric acid on spontaneous activity in pre- and post-ganglionic 
nerves of excised rat superior cervical ganglia infected with pseudo-rabies virus. Upper 


oscillogram of each pair of action potentials from preganglionic, lower oscillogram from 


post-ganglionic trunk. Calibration scales below third pair of oscillograms apply to all oscil 


lograms in this figure; horizontal time scale, seconds; perpendicular potential scale, 25 pV. 


‘ 


Control 
Cocaine centrally 
4 
4 
a 
tal 
4 


432 | J. DEMPSHER, T. TOKUMARU AND J. ZABARA 


discharge following nerve section. This confirmed previous conclusions of 
Dempsher et al. (1955) that the injury discharge played no role in the genesis 
of virus-induced activity. 
Gamma aminobutyric acid. In eight excised infected ganglia gamma amino- 
butyric acid in concentrations of 0-01-10ug/ml. produced initially a simul- 
taneous and synchronous increase, then a simultaneous and synchronous 


Adrenaline 
20 sec we 


Fig. 4. Effects of adrenaline 1 ug/ml., noradrenaline 10yg/ml., gamma aminobutyric acid 1 yg/ml., 
on spontaneous activity in the preganglionic nerves of excised superior cervical ganglia of 
rate in a late phase of pseudo-rabies infection. Upper oscillogram of each pair of action 
potentials from preganglionic, lower oscillogram from post-ganglionic trunk. Calibration 
scales below bottom pair of oscillograms apply to all oscillograms in this figure; horizontal 
time scale, seconds; perpendicular potential scale, 25 1.V, applies to action potentials in the 
upper oscillogram of each pair. 


decrease in activity in both nerves (Fig. 3). In late infections, whenever no 
activity was discharged in the post-ganglionic nerves, and electrical stimulation 
of the preganglionic nerves failed to evoke post-ganglionic responses, gamma 
aminobutyric acid caused a decrease in preganglionic activity (Fig. 4). Pre- 
ganglionic action potentials evoked by electrical stimulation were not affected 
by gamma aminobutyric acid. ae: 
Adrenaline and noradrenaline. Whenever adrenaline 1-10 ug/ml. or nor- 
adrenaline 10-100 g/ml. were applied to excised infected ganglia, the results 
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obtained were the same as those produced by gamma aminobutyric acid: an 
initial simultaneous and synchronous increase in activity in both nerves 
followed by a decrease. In late infections, in which no activity was discharged 
in the post-ganglionic nerves and in which electrical stimulation failed to evoke 
post-ganglionic responses, adrenaline and noradrenaline abolished activity 
in the preganglionic nerves (Fig. 4). Preganglionic action potentials evoked 
by electrical stimulation were not affected by adrenaline or noradrenaline. 


Fig. 5. Effects of thiosemicarbazide 0-01 ug/ml. on spontaneous activity in pre- and post- 
ganglionic nerves of excised sympathetic ganglia of rats infected with pseudo-rabies virus. 
Upper oscillogram of each pair of action potentials from preganglionic, lower oscillogram 
from post-ganglionic trunk. Upper perpendicular potential scale applies to the upper oscillo- 
gram of each pair of action potentials and shows 5 .V. Lower perpendicular potential scale 


applies to the lower oscillogram of each pair of action potentials and shows 20 uV: the 
horizontal time scale shows seconds. 


Thiosemicarbazide. In eight excised infected ganglia thiosemicarbazide in 
concentrations of 0-01-100 yg/ml. produced a simultaneous and synchronous 
increase in spontaneous activity in both nerves (Fig. 5). 

TM-10. In concentrations of 1-10 yzg/ml. TM-10 produced effects similar 
to those produced by thiosemicarbazide, a simultaneous and synchronous 
increase in virus-induced activity in both nerves. 


DISCUSSION 
It has been concluded that spontaneous activity, discharged antidromically 
in preganglionic nerves and orthodromically in post-ganglionic nerves of rat 
sympathetic ganglia infected with pseudo-rabies virus, originated in the pre- 
ganglionic nerve endings and was caused by ACh (Dempsher ef al. 1955; 
Dempsher & Riker, 1957). The present observations explore the possibility 
that ACh was released because the virus infection had interfered with the 
normal action of an inhibiting system having its origin in the 0.N.s. and 
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exerting its effects upon the excitatory mechanism in the presynaptic nerve 
endings. In support of such a view were the appearance of activity when 
initially absent, and the increase in activity already present in preganglionic 
nerves of infected ganglia following cocaine application or nervesection between 
c.N.8. and preganglionic recording electrodes. It is presumed the above pro- 
cedures blocked inhibitory fibres which originate in the o.n.s. and exert their 
effects upon the presynaptic nerve endings, so as to allow the virus-induced 
activity originating in the presynaptic nerve endings to appear or increase. 
An alternative explanation of these observations is that the virus-induced 
activity appeared to be suppressed simply because some of the nerve fibres were 
already occupied by orthodromic excitatory impulses originating in the C.N.s. 
Blockade of such orthodromic excitatory impulses from the c.N.s. with cocaine 
or nerve section would thus permit the appearance or increase in virus-induced 
antidromic activity. However, if this were the case, then the apparent 
suppression of virus-induced activity by simple occupation of nerve fibres by 
excitatory impulses should be equally effective in late stages of the infection. 
This was not the case, since, as the disease progressed, the activity increased 
with little or no effect from cocaine or nerve section. Furthermore, the 
relatively long quiet period of 15-60 sec following cocaine application and 
onset or increase in virus-induced activity in early infections suggested in- 
activation of an inhibitory substance suppressing the activity rather than 
recovery of nerve conduction from a refractory period. The long quiet period 
did not appear to be due to a slow onset of action of cocaine, since immediate 
suppression of activity occurred whenever it was applied between ganglion 
and recording electrodes. 

At the present time it is not known how an inhibiting system could exert 
its effects at presynaptic nerve endings nor how the virus infection could inter- 
fere with it. The experimental observations suggest the possibility that the 
actions of the inhibiting system were produced by chemical mediators, and 
that interference in the formation of these substances resulted in an imbalance 
between excitatory and inhibitory systems which was manifested by the 
appearance of spontaneous activity. The simultaneous and synchronous 
increase in activity in both nerves produced by thiosemicarbazide and 
TM-10 suggested the possibility that the inhibiting mediators may include 
gamma aminobutyric acid and oné or more of the catechol amines. Killam & 
Bain (1957) concluded that the thiosemicarbazide-induced seizures in rats 
were due to decreased levels of gamma aminobutyric acid resulting from 
inhibition of glutamic acid decarboxylase, the enzyme catalysing the forma- 
tion of gamma aminobutyric acid from glutamic acid. In addition, Coupland 
& Exley (1957) suggested that the decreased levels of adrenaline and nor- 
adrenaline in suprarenal glands of rats treated with TM-10 was caused by 
decreased synthesis of catechol amines. Also in accord with our suggestion 
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were the simultaneous and synchronous decrease in activity in both nerves 
whenever gamma aminobutyric acid, adrenaline, and noradrenaline were 
added to infected ganglia. Since the formation of these chemical agents from 
their precursors is believed to be dependent at one stage upon a process of 
decarboxylation (Roberts & Frankel, 1951; Udenfriend & Wyngaarden, 1956), 
it is conceivable that the virus infection interfered with this process, thus 
upsetting the balance between excitatory and inhibitory systems. 

The observation that simultaneous and synchronous increase in activity in 
both nerves always preceded the decrease whenever gamma aminobutyric 
acid, adrenaline, or noradrenaline were applied to infected ganglia can 
probably be explained in the following manner. It is not unlikely that the 
resting membrane potentials of the presynaptic nerve endings of infected 
ganglia were in a partially depolarized state. Since there is some evidence that 
blockade by gamma aminobutyric acid and adrenaline is accompanied by 
a membrane potential in the polarized state (Lundberg, 1952; Edwards & 
Kuffler, 1957), it is possible that these substances moved the partially de- 
polarized membrane potential through a value optimal for maximum excit- 
ability before it was fixed to cause total blockade. The excitatory actions of 
adrenaline and noradrenaline on cat ganglia were observed by previous 
investigators (Biilbring & Burn, 1942; Biilbring, 1944; Trendelenburg, 1956). 

The following working hypothesis as a concept of functional organization 
in rat superior cervical ganglion is proposed. Impulses are conducted to pre- 
synaptic nerve endings from the C.N.s. over two systems of nerve fibres, an 
excitatory and an inhibitory system. The resultant of events taking place in 
the presynaptic nerve endings is then transmitted to the post-synaptic nerve 
cells. The events occurring in the presynaptic nerve endings would include 
the synthesis, release, actions and inactivation of the chemical mediator of 
excitation, ACh, and of chemical mediator(s) of inhibition, possible candidates 
being gamma aminobutyric acid, adrenaline, and noradrenaline. Dempsher 
& Riker (1957) concluded that the site of action of ACh was at the presynaptic 
nerve endings. The simultaneous and synchronous effects in both pre- and 
post-ganglionic nerves whenever gamma aminobutyric acid, adrenaline, and 
noradrenaline were applied indicate that the actions of the inhibiting sub- 
stances would also be on the pace-maker located in the presynaptic. nerve 
endings. In accord with this view were the simultaneous and synchronous 
effects on both nerves produced by thiosemicarbazide and TM-10, agents 
believed to interfere with the formation of the inhibiting substance. Further- 
more, the decrease in activity produced by gamma aminobutyric acid, adrena- 
line, and noradrenaline whenever applied to ganglia in late infections in which 
activity is present only in the preganglionic nerves, was shown to be due to 
their effects upon the presynaptic nerve endings. 

The view that rat superior cervical ganglia may possess an inhibitory 
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system releasing adrenaline, noradrenaline, and gamma aminobutyric acid 
has some support from the work of other investigators who found block of 
synaptic transmission by adrenaline and noradrenaline in autonomic ganglia 
(Marazzi, 1939; Biilbring, 1944; Lorente de N6 & Laporte, 1950; Trendelen- 
burg, 1956), Biilbring (1944) has further shown that an adrenaline-like sub- 
stance appears in the effluent of the perfused superior cervical ganglion on 
preganglionic stimulation. Block of synaptic transmission by gamma amino- 
butyric acid has also been observed in the stellate but not in the superior 
cervical ganglion of cats (Bazemore, Elliott & Florey, 1956). In the present 
experiments, the superior cervical ganglion of the rats, however, was found to 
be extremely sensitive to the blocking action of this amino acid. 


SUMMARY 
. 1, Spontaneous impulses arising in rat superior cervical ganglia following 
infection with pseudo-rabies were studied in vivo and in vitro in these ganglia 
with standard electrophysiological techniques. 

2. In early infections no, or little, activity was discharged in the intact 

preganglionic nerves in vivo, whereas in late infections a considerable amount 
of virus-induced activity was discharged in the intact preganglionic nerves. 
_ 8. Blockade of conduction in preganglionic nerves by cocaine or nerve 
section between o.N.8. and recording elestrodes of ganglia in early infections 
was followed by the appearance of virus-induced activity in the preganglionic 
nerve if initially absent, and increase in activity if initially present. A similar 
procedure carried out on ganglia in late infections was followed by no, or very 
little, increase in the considerable amount of virus-induced activity aneeey 
present in the preganglionic nerves. 

4. Thiosemicarbazide and TM-10 produced a simultaneous and synchronous 

increase in activity in both pre- and post-ganglionic nerves of infected ganglia. 
_ 5. In early infections, gamma aminobutyric acid, adrenaline and nor- 
adrenaline caused initially a simultaneous and synchronous increase followed 
by a decrease in activity in both pre- and post-ganglionic nerves. In ganglia 
in such advanced stages of infection that no activity was present in the post- 
ganglionic nerve, gamma aminobutyric acid, adrenaline and noradrenaline 
caused a decrease in virus-induced activity in the preganglionic nerve. 

6. It is suggested that spontaneous impulses may arise in rat superior 
cervical ganglia following infection with pseudo-rabies virus because the virus 
infection has interfered with the normal action of an inhibitory system 

originating in the c.N.s. and exerting its actions upon the presynaptic nerve 
endings. It is also suggested that adrenaline, noradrenaline and gamma 
aminobutyric acid are possible substances released by this system. 


This investigation was supported by research grant (No. B1285) from the Institute of Neuro- 
logical Diseases and Blindness, United States Public Health Service. | 
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THE EFFECTS OF DISTENSION OF THE BLADDER ON 
SOMATIC REFLEXES IN THE CAT 


| By M. H. EVANS* anp A. McPHERSON* 
From the National Institute for Medical Research, Mull Hill, London, N.W. 7 


(Received 26 September 1958) 


Distension of the bladder in man is said to prolong the period of spinal shock 
that follows transection of the spinal cord (Fulton, 1955), and during the chronic 
stage of paraplegia bladder distension increases the frequency and severity of 
flexor spasms of the legs (Riddoch, 1917). Dusser de Barenne & Ward (1937) 
found that distension of the urinary bladder inhibited the knee jerk of rhesus 
monkeys or cats anaesthetized with allobarbitone. When the bladder was 
emptied the knee jerk returned sometimes abruptly and sometimes gradually. 
They obtained similar effects in monkeys and cats with high spinal transections. 
Mellanby & Pratt (1940), using decerebrate cats or cats anaesthetized. with 
chloralose, found that isometric contraction of the bladder was usually ac- 
companied by contractions of the diaphragm, muscles of the abdominal wall, 
shoulder girdle and pelvic girdle. Sometimes these isometric contractions of 
the bladder did not produce muscular activity, producing instead quiescence 
of any already existing activity. Chernigovsky (1947) found that distension 
of the bladder at very high pressures decreased the reflex contractions of the 
semitendinosus muscle. 

Evans & McPherson (1958) found that monosynaptic and polysynaptic 
reflexes recorded from the ventral spinal roots of anaesthetized or spinal cats 
were depressed during distension of the bladder. The present investigation is 
an extension of this work, to determine the extent to which distension of the 
urinary bladder can bring about alterations in certain specific reflexes and 
muscle tone in the hind limbs of decerebrate, spinal or anaesthetized cats. 
Both inhibitory and excitatory actions have been found, the final effect upon 
the reflexes being dependent upon the type of preparation and on the degree 
of bladder distension. 


* Present address: M.R.C. Institute of Orthopaedics, Royal National Orthopaedic Hospital, 
Brockley Hill, Stanmore, Middlesex. 
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METHODS 


The experiments were carried out upon adult cate weighing 1-8—6-2 kg. Some cate were anaes- 
thetized with intravenous chloralose (70 mg/kg), but the majority were decerebrated under ether 
anaesthesia. The brain stem was divided with a spatula through a wide craniotomy, the level 
varying from precollicular to intercollicular, and the fore-brain was removed. The carotid arteries 
were occluded during and for a few minutes after decerebration; the vertebral arteries were never 
compressed. The decerebration was sometimes done before proceeding with the main part of the 
dissection, but it was found that the preparations were in better condition if the decerebration 
was done after completing all the dissection under ether (G. L. Brown, personal communication). 
In some cats the main dissection before decerebration was done under sodium thiopentone 
(Pentothal, Abbott Laboratories) anaesthesia, but it was found that these preparations were less 
active than those in which ether was used. To maintain a high blood pressure polyvinyl! pyrrolidone 
(Polyvidone) 38% or glucose 5% (w/v) in Locke’s solution was infused intravenously about 
half an hour after decerebrating and the cat was left undisturbed for another half hour. Many of 
the decerebrate preparations had the spinal cord transected at the thoracic level (T3—T9), either 
at the time of the main dissection, or some hours later after a period of recording. 

In order to distend the bladder and to measure the intravesical pressure the intra-abdominal 
urethra was cannulated through a mid-line suprapubic incision, a polythene tube being passed 
up into the bladder, which was then emptied. In the early experiments the polythene catheter 
was connected to a T-piece, of which one arm was used for filling the bladder with Locke’s solution 

at about 38°C and the other was connected to a mercury manometer. When the bladder was 
distended rapidly this arrangement measured the pressure in the filling system rather than 
intravesical pressure. In the later experiments true intravesical pressure records were obtained 
by using a double-bore polythene catheter. One channel was used for filling or emptying, either 
by means of a syringe or from a constant-pressure reservoir. The other was connected to a mercury 
manometer, to record intravesical pressure. The legends to the figures indicate whether the 
pressure measurements are those in the filling system or true intravesical pressures. 

The reflex contractions of hind-limb muscles were recorded on smoked paper, using conventional 
isometric myography techniques. The reflexes were evoked by stimulating the central cut ends 
of either the medial or lateral popliteal nerves. Occasionally the whole sciatic nerve was stimu- 
lated in order to evoke a crossed extensor reflex. Ipsilateral flexor contractions were recorded 
from the semitendinosus and tibialis anterior muscles. Crossed extensor contractions were 
recorded either from the leg at the ankle, with the thigh fixed, or from the freed patellar or 
gastrocnemius-soleus tendons with the leg and thigh fixed. 

Mono- and polysynaptic reflexes were recorded from the central cut ends of lumbar ventral 
spinal roots, after stimulation of the central cut ends of the ipsilateral dorsal roots of the same 
segments, Reflex responses were elicited at rates between 8 and 22 shocks/min, but in order to 
avoid fatiguing the somatic reflexes greater rates were not used. Intensity modulation of the 
oscillograph beam (Evans, 1958) was employed in the later experiments to improve the records 
of monosynaptic action potentials. By recording the intravesical pressure on one beam of the 
oscilloscope it was possible to determine the intravesical pressures at the precise times of the 
monosynaptic reflexes. Other details of the electrophysiological techniques have been given in 4 
previous paper (Evans & McPherson, 1958). 


RESULTS 


Spontaneous bladder activity varied according to the preparation. In acute 
spinal cats the only activity seen consisted of small bladder contractions, 
occurring at low resting pressures, which increased the intravesical pressure 
by less than 10 mm Hg. These small bladder contractions had no detectable 
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effect on the hind-limb reflexes. When such contractions occurred in decere- 
brate and chloralosed cats they again had no effect on the hind-limb reflexes. 

In decerebrate and chloralosed cats in good condition larger spontaneous 
bladder contractions were seen. These occurred at higher resting pressures 
and increased the intravesical pressure to peaks of about 80 mm Hg. Their 
effects upon the hind-limb reflexes were qualitatively similar to the effects of 
passive distension of the bladder to the same pressure. However, these 
spontaneous bladder contractions had a quantitatively greater effect on flexor 
and crossed extensor reflexes and muscle tone than did passive distension of 
the bladder. 

In this series of experiments the relation between the volume of Locke's 
solution used to distend the bladder and the intravesical pressure which thereby 


developed was variable. Most of the animals developed intravesical pressures _ 


of 30-70 mm Hg when their bladders were distended with 40 ml., but in a few 
experiments 80-180 ml. was necessary to develop a pressure of 60 mm Hg, 
and in two experiments pressures of 50 mm Hg were produced by volumes of 
less than 10 ml. In general, higher intravesical pressures were produced by 
a given volume of fluid in decerebrate and chloralosed cats than in cats with 
acute spinal transection. The changes observed in the hind-limb reflexes were 
correlated with the intravesical pressure, not with the volume of fluid used to 
distend the bladder. Varying the temperature of the Locke’s solution between 
25 and 45° C did not alter the effects upon the hind-limb reflexes of distension 
of the bladder. 


The effects of bladder distension on monosynaptic and polysynaptic 
reflexes recorded from the ventral roots 

The typical effect of rapid distension of the bladder was a transient decrease 
in the amplitude of the monosynaptic reflex, followed at a later stage by an 
increase in amplitude above the original level. These effects were not obtained 
in all experiments. They were more’ regularly obtained in decerebrate cats 
than in cats anaesthetized with chloralose, and were only occasionally seen 
in acute spinal cats. 

Figure 1 shows monosynaptic reflexes recorded from the 7th lumbar ventral 
root of a decerebrate cat, following stimulation of the ipsilateral 7th lumbar 
dorsal root. The width of the lower trace in each photograph is directly 
proportional to the intravesical pressure. It can be seen that the monosynaptic 
reflex decreased in size when the intravesical pressure rose. This effect did not 
persist when the intravesical pressure continued to increase; but the reflex 
recovered and actually increased above the original level. This was probably 
a rebound phenomenon which is more clearly shown in Fig. 2, in which the 
amplitudes of the monosynaptic reflexes and the intravesical pressure are 
plotted against time. The monosynaptic reflexes were reduced in amplitude 
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at relatively low pressures and they remained decreased for about 10 sec while 
the pressure was rising to 80 mm Hg (A). They then returned to the original 
level while the intravesical pressure was rising to 120mm Hg, and then 
increased above the original level while the bladder was distended at a higher 
pressure (B). A sudden, spontaneous increase in the intravesical pressure, 
due to a bladder contraction, decreased the size of the coincident mono- 
synaptic reflex considerably; this is seen at C in Fig. 2. When the bladder 
was emptied the monosynaptic reflexes remained above the original level, 
returning to it about 10 min after emptying. 


202 210 218 227 235 243 
Fig. 1. Monosynaptic with small early polysynaptic reponses recorded from the 7th lumbar ventral 
root after etimulation of the ipsilateral 7th lumbar dorsal root in a precollicular decerebrate 
cat. The lower beam records intravesical pressure. Top row, control responses with bladder 
empty; second and third rows, distension of the bladder with 50 ml. fluid; bottom row, after 
emptying the bladder. The figures indicate the time in seconds before and after the com- 
mencement (0) of distension. 
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It was frequently seen that when the distended bladder contracted spon- 
taneously the variations in amplitude of the monosynaptic reflexes increased 
appreciably. This is illustrated in Fig. 3, which shows the amplitudes of the 
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Fig. 2. Same experiment as Fig. 1. Height of monosynaptic reflexes (including those illustrated 
in Fig. 1) plotted on upper graph and intravesical pressures on lower graph, A, 50 ml. fluid 
into bladder; B, additional 20 ml. into bladder; C, spontaneous bladder contraction; 
D, withdrawal of 70 ml. from the bladder, Note the compressed time scale for last 11 points. 
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Fig. 3. Monosynaptic responses recorded from 7th lumbar ventral root, following stimulation 
of ipsilateral 7th lumbar dorsal root in a cat decerebrated under sodium thiopentone, plotted 
above intravesical pressure, At point A the bladder was distended with 30 ml. of fluid and 


monosynaptic reflexes and the intravesical pressure. When the bladder was 
distended with fluid it started to contract, and the monosynaptic reflexes, 
whose amplitudes had previously varied by 10°, now varied by 20%. 
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These results suggest that the ‘spontaneous’ variations in monosynaptic 
reflexes which have been seen by many workers may have been due to a 
distended bladder. To obtain monosynaptic reflexes of regular amplitude it is 
advisable to empty the animal’s bladder. 

In previous experiments (Evans & McPherson, 1958), on acute spinal cats 
and cats anaesthetized with chloralose, it was found that polysynaptic reflexes 
were reduced in amplitude by distension of the bladder and that this reduction 
mainly affected the longer latency components of the polysynaptic reflexes. 
The same results have been obtained in decerebrate cats. 


2 123 5 mi. 


Fig. 4. Upper trace; contractions of the semitendinosus muscle during stimulation of the ipsi- 
lateral medial popliteal nerve, in a decerebrate cat. Lower trace; intravesical pressure. The 
bladder was distended three times, with 2, 3 and 5 ml. fluid respectively, the last distension 
being performed in steps of 1 or 2 ml. as indicated by the signal marker. Time marker, 30 sec. 


In experiments on decerebrate, chloralosed and spinal cats, in which the 
stimulus evoked both mono- and polysynaptic reflexes in the ventral root, 
bladder distension sometimes depressed the monosynaptic reflex leaving the 
early polysynaptic reflex unchanged (Fig. 1), sometimes depressed the late 
polysynaptic reflex leaving the monosynaptic reflex unchanged, and sometimes 
depressed both reflexes. 


‘The effects of bladder distension wpon the tone and reflex activity 

of hind-limb muscles recorded myographically 
Distension of the bladder produced changes in the tone and reflex activity 
of hind-limb flexor and extensor muscles. In addition, in decerebrate and 
29 PHYSIO. CXLVI 
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chloralosed cats (but not in acute spinal cats) it produced spontaneous move- 
ments of the whole body. This effect was only seen when the bladder was 
distended at pressures higher than about 50 mm Hg. The cats sighed and 
gasped and the trunk and limb muscles contracted irregularly. The experiment 
illustrated in Fig. 4 is from a decerebrate cat with a small hypertonic bladder. 
The injection of 2~3 ml. of fluid raised the intravesical pressure to more than 
50 mm Hg. At this high pressure, spontaneous contractions of the semiten- 
dinosus muscle were interposed between its reflex contractions. The contrac- 
tions of the trunk muscles, which were accompanied by sighs and gasps, can 
be seen as peaks on the intravesical pressure record. In spite of the generalized 
‘spontaneous’ contractions the treading movements of the fore limbs which 
are often seen in decerebrate cats were abolished by distension of the bladder 
at pressures greater than about 20 mm Hg. 


Decerebrate cats 


In decerebrate cats the effects on the hind-limb muscle tone and reflexes 
were dependent upon the intravesical pressure; opposite effects were seen at 
low and high pressures. The critical pressure at which this reversal occurred 
was not well defined but it varied between about 15 and 30 mm Hg. Where the 
terms ‘low’ and ‘high’ pressure are used in this paper they refer to intravesical 
pressures below and above this critical pressure. In addition, experiments 
were performed using intravesical pressures above 50mm Hg and these 
pressures are referred to as ‘very high pressure’. 

Flexor reflexes. At low intravesical pressures the flexor reflexes were either 
not affected or were increased in amplitude. Fig. 5 illustrates an experiment 
in which this increase occurred. The centre tracing shows contractions of the 
tibialis anterior muscle evoked by stimulation of the ipsilateral medial popli- 
teal nerve. When the bladder was distended the reflex increased in amplitude 
at an intravesical pressure of about 10 mm Hg, and further increased at the 
beginning of each spontaneous bladder contraction. 

At high intravesical pressures of 20-50 mm Hg the flexor reflexes were 
reduced in amplitude, often with a slight loss of tone. Figure 6 (i) is a record 
of the reflex contractions of the semitendinosus muscle evoked by stimulation 
of the lateral popliteal nerve. Approximately 1 min after connecting the 
bladder catheter to a reservoir 38 cm above the level of the bladder the reflex 
decreased in amplitude, with a slight fall in muscle tone. Upon emptying the 
bladder, the reflex contractions returned slowly, taking 5} min to regain their 
original amplitude. There was no appreciable difference in the behaviour of the 
reflex when the bladder was distended under conditions of either constant 
pressure or constant volume. This is illustrated in the right-hand portion of 
Fig. 6 (i). Other flexor muscles of the hind limb, e.g. tibialis anterior, showed 
a similar decrease in their reflex contractions at high intravesical pressure. 
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| 
Fig. 5. Upper trace; reflex contractions of crossed extensor, recorded from left gastrocnemius- a 
| soleus tendon following stimulation of the right medial popliteal nerve in a precollicular . 
decerebrate cat. Middle trace, flexor reflex contractions of the right tibialis anterior muscle. a 
Lower trace, intravesical pressure (mm Hg). At the first signal mark one channel of the a: 
| bladder catheter was connected to a reservoir of Locke’s solution, which was run in slowly, . 
. while the true intravesical pressure was recorded through the other channel of the catheter; i 
at the second signal mark the reservoir was disconnected and 45 ml. fluid was omptied from i 
the bladder. Time marker, 1 min. " 
(i) 
j 
e 
e 
it Fig. 6, (i). Decerebrate cat. Upper trace, reflex contractions of semitendinosus muscle following 
of stimulation of the lateral popliteal nerve on the same side; lower trace, pressure in the 
d reservoir system (mm Hg). A and C, fluid into bladder at constant pressure; at D the reser- 
voir tube was clamped and the true intravesical pressure was recorded at constant volume; 
e. B and E, 115 and 126 ml. fluid withdrawn, respectively. (ii). Record obtained later in the 
same experiment as record (i), 1} hr after spinal cord transection at T7. F and H, distension 
of the bladder at constant pressure; @ and J, 155 and 178 ml. withdrawn, respectively. 
Time marker, 30 sec. 99.9 
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However, the effect was less frequently seen in the tibialis anterior muscle 
than in the semitendinosus muscle. 

The decrease in the flexor reflexes was particularly pronounced when a 
spontaneous contraction of the bladder raised the intravesical pressure above 
50 mm Hg. At these very high pressures the tone of the flexor muscles was 
increased, For instance, in the experiment illustrated in Fig. 7 the introduction 
of 40 ml. of fluid into the bladder led to four bladder contractions which raised 
the intravesical pressure to 60-80 mm Hg. At the height of each of these 
contractions the semitendinosus reflex diminished and the muscle tone in- 
creased. In the experiment illustrated in Fig. 5, the reflex contractions of the 
tibialis anterior muscle decreased and the muscle tone increased (middle trace) 
at the height of each bladder contraction. 


7 


Fig. 7. Cat decerebrated through superior colliculus. Top trace, blood pressure in carotid artery ; 
second trace, reflex contractions of semitendinosus muscle following stimulation of the 
lateral popliteal nerve on the same side; third trace, tension of contralateral gastrocnemius 
and soleus muscles; bottom trace, intravesical pressure. At the first signal mark the bladder 
was distended with 40 ml. of fluid at constant volume; at the second signal mark 40 ml. of 
fluid was withdrawn from the bladder. Time marker, 1 min. 


Figure 8, which is from the same experiment as Fig. 5, shows that the effect 
__ of spontaneous bladder contractions upon the tone of the flexor muscles was 
greater than the effect produced by a sustained passive distension of a similar 
intravesical pressure. When the intravesical pressure rose to above 50 mm Hg 
there was a decrease in the flexor contractions, but the tone of the tibialis 
anterior muscle increased only slightly (less than 5g increase of tension). 
When the flexor reflex had become very small, 20 ml. of fluid was withdrawn 
from the bladder and the intravesical pressure fell to about 10 mm Hg. This 
at once increased the reflex to above the original level. A spontaneous bladder 
contraction then occurred and at its height the reflex was again reduced, but 
only as long as the bladder contraction maintained a high intravesical pressure. 
During this bladder contraction the tibialis anterior tone increased by 10-15 g. 
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The subsequent increased flexor reflex which was produced as the bladder 
ceased to contract was then again considerably reduced by emptying the 
bladder. 


Fig. 8. Pre-collicular decerebrate cat (same experiment as Fig. 5). Top trace, reflex contractions 
of crossed extensor, recorded from the left gastrocnemius-soleus tendon following stimulation 
of the right medial popliteal nerve; middle trace, flexor reflex contractions of the right 
tibialis anterior muscle; lower trace, intravesical pressure. At each of the first 6 signal 
marks 10 ml. of fluid was introduced into the bladder down one channel of the catheter (A); 
at B 20 ml. of fluid was withdrawn, and a spontaneous bladder contraction followed immedi- 
ately; at C the remaining fluid (45 ml.) was withdrawn. Time marker, | min. 


B 
Fig. 9. Reflex contractions of the semitendinosus muscle, following stimulation of the ipsilateral 
+ medial popliteal nerve in a decerebrate cat. During the signal A the bladder catheter was 
connected to a constant-pressure reservoir 40 cm above the level of the bladder; during the 
signal B the reservoir was disconnected and the bladder was allowed to empty, 35 ml. being 
recovered. Time marker, 1 min. 


In some experiments the flexor reflexes of the hind limb recovered while the 
bladder was still distended. This is illustrated in Fig. 9, in which reflex con- 
tractions of the semitendinosus muscle evoked by stimulation of the medial 
popliteal nerve recovered while the bladder was distended at a pressure of 
about 30 mm Hg (A). 

A common finding in the decerebrate cat was the increase in amplitude of 
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the flexor reflex above the original level upon emptying the bladder. This is 
illustrated in the middle trace of Fig. 8 when the intravesical pressure fell 
abruptly during emptying. In Fig. 9 a similar increase in the reflex response 
of the semitendinosus muscle occurred while the intravesical pressure was 
decreasing slowly (B), although occasional contractions of the muscles of the 
whole body were interposed in this section of the record. 

Crossed extensor reflexes. During distension of the bladder at low pressure 


the crossed extensor contractions were often increased in amplitude. This was — 


accompanied by an increase in the tone of the crossed extensor muscles. 
Bladder distension at high intravesical pressure, however, resulted in a dimi- 


Fig. 10. Top trace, reflex contractions of the quadriceps muscle, following stimulation of the 
contralateral medial popliteal nerve in a decerebrate cat; lower trace, pressure in reservoir 
system. A, fluid into bladder at constant pressure; at B the reservoir tube was clamped and 
the true intravesical pressure was recorded at constant volume; C, bladder emptied of 23 ml. 
of fluid. Time marker, 30 sec. 


nution of the reflex contractions and tended to decrease the crossed extensor 
muscle tone. 

These findings are illustrated in Figs, 5, 8 and 10. The experiment from which 
Figs. 5 and 8 were obtained has been referred to, but only in connexion with 
the flexor reflexes. The upper tracings show the contractions recorded from 
the gastrocnemius-soleus tendon contralateral to the stimulated medial po- 
pliteal nerve. In both figures the crossed extensor reflex and gastrocnemius- 
soleus muscle tone increased when the bladder was distended at pressures up 
to about 30 mm Hg. Figures 5 and 8 show that at greater intravesical pressures 
the crossed extensor reflex tended to diminish in amplitude, sometimes 
becoming smaller than the original amplitude (Fig. 8). The tone of the crossed 
extensor muscle also commenced to fall at high intravesical pressures, but in 
the experiment of Figs. 5 and 8 it did not fall below the original level. The same 
result was obtained in the experiment illustrated in Fig. 10 in which the 
crossed extensor reflex was recorded from the patellar tendon in a decerebrate 
cat, after stimulation of the contralateral medial popliteal nerve. In the first 
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portion of the record the catheter was connected to a reservoir about 40 cm 
above the level of the bladder and the record shows the pressure in the filling 
system, not the intravesical pressure. The amplitude of the reflex and the 
tone of the quadriceps muscle increased slightly during the first part of the 
filling but then declined, and the reflex disappeared during the third minute 
of bladder distension ; muscle tone had by this time fallen to below the original 
level. Subsequently the crossed extensor reflex recovered partially, although 
the muscle tone remained decreased. In the latter portion of the record the 
reservoir tube was clipped and the intravesical pressure was recorded under 
conditions of constant volume; the spontaneous contractions of the bladder, 
which produced intravesical pressures up to 82 mm Hg, abolished the crossed 
extensor reflex and lowered the tone of the quadriceps muscle. 

When the bladder was emptied the extensor reflexes and tone often im- 
mediately increased above the original level, as is illustrated in Fig. 10. In 
one preparation (Figs. 5 and 8) this rebound, which occurred upon emptying 
the bladder, was followed by a 2-3 min period during which the reflex con- 
tractions and tone gradually diminished, disappeared for about 1-2 min and 
then slowly recovered. 

In one experiment, illustrated in Fig. 7, in which no crossed extensor reflex 
was obtained, a high intravesical pressure did not result, as usual, ina decreased 
extensor muscle tone but in an increased muscle tone. The bladder, which was 
distended with 40 ml. of Locke’s solution, started to contract spontaneously, 
producing intravesical pressures rising to 60-80 mm Hg, during which the 
tone increased in the gastrocnemius-soleus muscles. 


Acute spinal cats 

The hind-limb flexor reflexes returned within a few minutes of transection 
of the thoracic spinal cord and had greater amplitude than before spinal 
transection. The crossed extensor reflex returned more slowly, if at all, and 
had a higher threshold. Bladder distension exerted effects upon these reflexes 
only after the lapse of 1 hr after spinal transection. 

Flexor reflexes. Between 1 and 2 hr after spinal transection a slight increase 
was seen in the flexor reflexes of the hind limb when the bladder was distended 
at pressures above about 50 mm Hg (Figs. 6 and 11). Between 5 and 9 hr 
after spinal transection the increase in the flexor reflex produced by bladder 
distension was more obvious and in some experiments was accompanied by 
an increase in flexor tone (Fig. 11). Recovery periods longer than 9 hr have 
not been investigated. When the bladder was emptied the flexor reflex 
returned to the original level without passing through any phase of decreased 
activity. 

Crossed extensor reflexes. The crossed extensor reflex was not readily elicited 
in the acute spinal preparations. In the experiment illustrated by Fig. 11 (i) 
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the spinal cord had been transected at the 6th thoracic level 9 hr previously. 
Strong stimulation of the whole sciatic nerve 9 hr after transection of the cord 
produced small contractions of the contralateral gastrocnemius-soleus muscles. 
These contractions were increased when the bladder was distended with 
50 ml. of Locke’s solution. The tone of the gastrocnemius-soleus muscles was 
only slightly increased during the distension. Upon emptying the bladder the 
reflex contractions diminished slowly, but still remained above the original 
level 10 min after emptying was complete. 


A B C 


Fig. 11. Decerebrate cat with spinal cord transected 9 hr previously at the 6th thoracic level. 
(i). During the signal A 50 ml. of fluid was introduced into the bladder down one channel of 
the catheter, and withdrawn at signal B. (ii). During the signal C adrenaline hydrochloride 
7 wg was infused intravenously. Top trace, blood pressure in carotid artery, second trace, 
flexor reflex contractions of the right semitendinosus muscle following stimulation of the 
ipsilateral sciatic nerve in record (i) and the medial popliteal nerve in record (ii); third trace, 
in record (i) crossed extensor contractions recorded in left gastrocnemius-soleus tendon 
(in (ii) no extensor reflex contractions were obtained); bottom trace, intravesical pressure. 
Time marker, | min. 

Cats anaesthetized with chloralose 

Flexor reflexes. At low intravesical pressures the flexor reflexes in chloralosed 
cats were unchanged. At high intravesical pressures the reflexes were either 
unchanged or were decreased in amplitude. When the bladder was emptied the 
reflexes returned to the original level without showing any enhancement. 

Figure 12 illustrates the diminution of the reflex contractions of the semi- 

tendinosus muscle during slow distension of the bladder from a constant- 

pressure reservoir. Approximately 3 min after the start of the distension the 
reflex contractions of the semitendinosus muscle became smaller and remained 
diminished while the bladder was distended. The reflex returned to the original — 
amplitude immediately the bladder was allowed to empty. 
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Crossed extensor reflexes. The crossed extensor reflexes in chloralosed cats 
were never increased during bladder distension. The only effect of distending 
the bladder was to decrease the amplitude of the crossed extensor reflex, and 
this occurred at low and high pressures. Figure 13 illustrates the diminution 
in the reflex during distension of the bladder at a constant pressure of 
7-5 mm Hg. At this low pressure the reflex partially recovered during the 
period of distension. 


Fig. 12. Reflex contractions of semitendinosus muscle following stimulation of the ipsilateral 
medial popliteal nerve in a cat anaesthetized with chloralose. During the signal mark the 
bladder catheter was connected to a constant-pressure reservoir of Locke’s solution 60 cm 
above the level of the bladder, which was allowed to fill slowly; 45 ml. of fluid was recovered 
at the end of distension. Time marker, 30 sec. 


Fig. 13. Reflex extension of the whole leg recorded at the ankle, following stimulation of the 
contralateral medial popliteal nerve in a chloralosed cat. At A the bladder was filled with 
fluid from a reservoir 10 cm above the bladder; at B 22 ml. of fluid was withdrawn. Time 
marker, 10 sec. 


Changes in blood pressure and respiration 

The arterial blood pressure was increased by distension of the bladder at 
high intravesical pressures, but these blood-pressure changes were not re- 
sponsible for the changes in hind-limb reflexes and muscle tone observed 
during bladder distension. For example, in the experiment illustrated in 
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Fig. 7 the spontaneous contractions of the bladder which changed the hind- 
limb reflexes of the decerebrated cat were accompanied by rises in blood 
pressure of about 10 mm Hg, shown on the top trace. In the same experiment 
the intravenous infusion of adrenaline HCI 15 »g during a period of 4 min 15sec 
resulted in a rise of blood pressure of about 20 mm Hg, but apart from a slight 
transient increase in muscle tone the flexor contractions of the semitendinosus 
muscle remained unchanged. 


Fig. 14. Upper trace, blood pressure in the carotid artery of a decerebrate cat with spinal cord 
transected at T6 about 9 hr previously; middie trace, reflex contractions of the semitendi- 
nosus muscle following stimulation of the ipsilateral medial popliteal nerve. During the 
signal mark 20 ml. polyvinyl pyrrolidone was injected intravenously. Time marker, 1 min. 


Figure 11 illustrates an experiment on a spinal cat in which bladder 
distension was accompanied by an increase in the flexor and crossed extensor 
reflexes and by a transient rise in blood pressure. When the bladder was 
empty, adrenaline HCl 7 wg was slowly infused intravenously and this 
raised the arterial blood pressure by about 30 mm Hg, but the flexor reflex and 
the tone in the semitendinosus and gastrocnemius-soleus muscles was 
unchanged. 

In Fig. 14, from the same experiment as Fig. 11, the flexor reflex of the 
semitendinosus muscle is shown in the middle trace. During the signal mark, 
38% ‘polyvidone’ was given by rapid intravenous injection (20 ml. in 
14 min). The subsequent 20 mm Hg fall in blood pressure had no effect upon 
either the tone or the reflex contractions of the semitendinosus muscle. 
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Bladder distension at high pressure was sometimes accompanied by an 
increase in the rate and depth of respiration and by sighing and gasping. These 
respiratory changes were not responsible for the effects upon the tone and 
reflexes in the hind limbs, for these changes in the reflexes and muscle tone 
often occurred when no changes in respiration were detectable. In the experi- 
ment illustrated by Fig. 15 the lower trace shows the flexor reflex contractions 
of the semitendinosus muscle, evoked by stimulation of the ipsilateral medial 
popliteal nerve. During the signal mark 44 min of manual overventilation, 
which was followed by a short period of apnoea, had no effect on the tone or 
on reflex contractions of the semitendinosus muscle, 


Fig. 15. Same experiment as Figs. 11 and 14. Top trace, respiration record from pneumograph, 
inspiration downwards; middle trace, blood pressure in the carotid artery; bottom trace, 
reflex contractions of the semitendinosus muscle following stimulation of the ipsilateral 
medial popliteal nerve. During the signal mark the animal was artificially over-ventilated. 
Time marker, 1 min. 


DISCUSSION 


In our previous experiments (Evans & McPherson, 1958) the effects of bladder 
distension on somatic reflexes were studied with electrophysiological methods. 
The finding that bladder distension decreased the mono- and polysynaptic 
reflexes was confirmed in the present series of experiments. The present 
experiments were mainly concerned, however, with the myographic examina- 
tion of the effects of bladder distension on the hind-limb reflexes. Dusser de 
Barenne & Ward (1937) found that the knee jerk was depressed by distension 
of the bladder of the decerebrate cat and this is in agreement with our finding 
that the monosynaptic reflexes in the hind limb are depressed by bladder 
distension. Chernigovsky (1947) found that the flexor reflex in the hind limb 
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of decerebrate cats was depressed by bladder distension and this was also 
confirmed in our experiments. 

From the finding that bladder distension decreases the size of the inono- 
synaptic response in both flexor and extensor reflex arcs, it may be inferred 
that afferent nerve fibres from the bladder have an inhibitory influence upon 
flexor and extensor motoneurones during rapid bladder distension. Since this 
inhibition is most marked in decerebrate cats, less marked in chloralosed and 
least marked in spinal cats, it appears that the visceral afferent pathways are 
depressed by anaesthesia and during spinal shock. Visceral reflexes are known 
to be depressed during spinal shock for a longer period than somatic reflexes 
(Creed, Denny-Brown, Eccles, Liddell & Sherrington, 1932). 

In the previous series of experiments (Evans & McPherson, 1958) it was 
found that polysynaptic reflexes could be depressed by bladder distension in 
the absence of any decrease in the size of the monosynaptic response. From 
this it was inferred that afferent pathways from the bladder also exert an 
inhibitory effect on somatic interneurones. By using standard myographic 
techniques it has been possible to examine the polysynaptic reflexes of the 
hind limb in more detail, and to show that bladder distension exerts both 
inhibitory and excitatory influences on spinal somatic reflex arcs. 

From the work of Talaat (1937) and Iggo (1955) it would seem likely that the 
excitatory influence of bladder distension at low imtravesical pressures, upon 
flexor and crossed extensor reflexes in the decerebrate animal, is exerted by 
means of afferent nerve fibres from the bladder tension receptors. These authors 
showed that bladder tension receptors are activated at intravesical pressures 
of only a few millimetres of mercury, and adapt rapidly after firing at relatively 
high rates during the phase of rising intravesical pressure. If the excitatory 
effects of bladder distension, seen in our experiments at low pressures, were due 
to direct facilitation at either the motoneurones or somatic interneurones, one 
would expect to see evidence of facilitation of monosynaptic reflexes during 
the rising phase of bladder distension. This was never seen. Therefore, an 
alternative explanation of the excitatory effects must be sought. 

The enhancement of hind-limb reflexes and tone at low intravesical pressures 
might be explained by an excitation of the gamma efferent (small motor nerve) 
system by afferents from tension receptors in the bladder. Such excitation 
would not facilitate the monosynaptic reflexes in our experiments because the 
peripheral nerves or spinal roots were divided. The gamma efferent system 
is known to be more active in cats decerebrated by supra- or intercollicular 
section than in anaesthetized preparations (Granit & Kaada, 1953). This 
would conform with our findings that the enhancement of the hind-limb 
reflexes and tone at low intravesical pressures has been seen in decerebrate but 
not in anaesthetized cats. Furthermore, the enhancement has always been 
more pronounced in the extensor muscles than in the flexor, and it is known 
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that in decerebrate cats the activity of the gamma efferent system is greater 
in the nerves to the extensor muscles than in those to the flexor muscles. 

The contrasting effects of high intravesical pressure require further explana- 
tion. Talaat (1937) demonstrated afferent fibres from the bladder which were 
not active at low pressures but which discharged at high rates when the intra- 
vesical pressure was above a certain threshold, which varied between 8 and 
25 cm H,O (6-18 mm Hg). These afferents accommodated slowly, continuing 
to discharge for 15-20 min when the intravesical pressure was greater than 
45 cm H,O (33 mm Hg). These afferents are probably nociceptive, as Denny- 
Brown & Robertson (1933) reported that discomfort is felt when intravesical 
pressure in man is about 18 cm H,O (13 mm Hg). 

At high intravesical pressures the somatic reflexes diminish in the decerebrate 
cat, and this diminution could be due to activity in the nociceptive bladder 
afferents. The facilitatory effects seen at lower pressures would be overcome 
by the high pressure effects, because nociceptive afferents are known to be 
prepotent in their actions (Sherrington, 1906). The diminution of the flexor 
and crossed extensor reflexes produced by high intravesical pressure in 
decerebrate or chloralosed cats might be due either to inhibition or occlusion. 
As both reflexes and tone fall together and there is a considerable rebound of 
the reflexes after distension ceases, it would seem more likely that a process 
of inhibition rather than occlusion is involved, except in the case of the 
flexor reflex at intravesical pressures greater than 50 mm Hg when the reflex 
is diminished but flexor muscle tone increases. 

It has been shown by monosynaptic testing that there is some direct 
inhibition of motoneurones by bladder distension, but the degree of this 
inhibition is never sufficient to explain the total suppression of the flexor and 
crossed extensor polysynaptic reflex arcs which is so frequently observed. 
It must be assumed therefore that there is additional inhibition of the inter- 
neurones of these somatic polysynaptic reflex arcs. The mechanism that 
mediates this inhibition of the somatic arc interneurones is unknown at present. 

The finding that, in decerebrate cats, the polysynaptic reflexes are depressed 
more than the monosynaptic reflex can perhaps be explained on the assumption 
that the somatic interneurones are inhibited by visceral afferents, entirely at 
the spinal level. However, in spinal animals the flexor and crossed extensor 
reflexes are increased by bladder distension at high pressures, and it is 
difficult to see how a segmental inhibition in a decerebrate animal could be 
changed to a facilitation by transection of the thoracic spinal cord. In order 
to explain the different effects of high-pressure bladder distension upon hind- 
limb reflexes, in decerebrate and acute spinal cats, it is necessary to consider 
supraspinal mechanisms. Certain regions of the medullary reticular formation 
are known to exert inhibitory influences upon hind-limb reflexes (Magoun & 
Rhines, 1946). Downman & Hussain (1958) have demonstrated a pathway 
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which descends from the medial medullary reticular formation along the 
dorsolateral quadrant of the spinal cord. Cutting this descending inhibitory 
pathway results in augmentation of visceral and somatic polysynaptic reflexes 
in the spinal cat and also alters the pattern of interaction between visceral 
and somatic polysynaptic reflexes. 

It seems probable that bladder afferents activated at high intravesical 
pressures would project to supraspinal centres along pathways in the ventro- 
lateral quadrants of the spinal cord, similar to the splanchnic afferent pathways 
mapped by Downman & Evans (1957). This rostral projection of bladder 
nociceptors might provoke an increased inhibitory activity descending from 
the medial medullary reticular formation, and thus bring about a diminution in 
somatic reflex activity, when the intravesical pressure exceeded 15-30 mm Hg. 
Spinal transection would interrupt the pathways for such an inhibitory system 
and account for the fact that inhibition of somatic polysynaptic reflexes never 
occurred in the acute spinal cats of the present experiments. This supraspinal 
inhibition would not exclude the further possibility of occlusion of the flexor 
reflex in decerebrate cats, in the special circumstances in which the reflex 
decreases but muscle tone increases when the bladder is distended at pressures 
greater than 50 mm Hg. 

The augmentation of the flexor and crossed extensor reflexes seen in acute 
spinal cats when the bladder is distended at high pressures is probably due 
to the unmasking of excitatory mechanisms which, in the decerebrate cat, 
are largely over-ridden by supraspinal inhibitory processes. Even in the 
decerebrate cat there is evidence that some excitatory mechanisms are 
operating when the intravesical pressure is above 50 mm Hg, e.g. the tone of 
the flexor muscles is increased and generalized movements of the trunk and 
limbs occur. Such generalized movements have also been described by 
Mellanby & Pratt (1940) at the height of a bladder contraction. 

The finding that in the decerebrate cat distension of the bladder at pressures 
greater than 50 mm Hg increases flexor muscle tone and decreases the hind- 
limb reflexes is probably relevant to the rigidity of the abdominal muscles 
and the attitude of flexion seen during intra-abdominal disease. It is extremely 
likely that at intravesical pressures above 50 mm Hg pain afferents from the 
bladder are stimulated. A mechanism that gives protection to the abdominal 
contents by increasing’ muscle tone, and obviates the painful consequences of 
movement by inhibiting reflex activity, would be of considerable biological 
advantage to the organism. 


SUMMARY 


1. Somatic hind-limb reflexes have been studied during distension of the 


urinary bladder in decerebrate and acute spinal cats and in cats anaesthetized 
with chloralose. 
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2. Monosynaptic reflexes recorded electrically, with the dorsal and ventral 
spinal roots cut, were depressed during rapid distension of the bladder. This 
depression suggests a direct visceral influence upon motoneurones and was 
most marked in decerebrate cats. 

3. Myographic techniques have shown that the flexor reflex in tibialis 
anterior and semitendinosus muscles, and the crossed extensor reflex in the 
quadriceps and gastrocnemius-soleus muscles, were depressed by bladder 
distension in chloralosed cats. This depression was often accompanied by a 
slight loss of muscle tone. 

4. The flexor and crossed extensor reflexes were slightly enhanced by 
bladder distension at high pressures in acute spinal cats, but not during the 
first one or two hours after spinal transection. The enhancement was often 
accompanied by a slight rise in muscle tone. 

5. The flexor and crossed extensor reflexes and tone were enhanced by 
bladder distension in decerebrate cats when the intravesical pressure was less 
than 15-30 mm Hg, but were depressed when the intravesical pressure was 
greater than this. At pressures above 50 mm Hg the reflexes remained de- 
pressed, but flexor muscle tone increased and generalized contractions of trunk 
and limb muscles were often seen. 

6. It is suggested that in the decerebrate animal the enhancement of the 
somatic reflexes at low intravesical pressures may be mediated by bladder 
tension receptors acting upon the small-motor-nerve (gamma-efferent) system. 
The high pressure depression of somatic reflexes may be partly due to increased 
supraspinal inhibition, provoked by nociceptive bladder afferents. The 
excitatory effects of high intravesical pressures are probably due to spinal 
mechanisms. 


We should like to acknowledge the advice and encouragement of Sir Lindor Brown, Dr W. 
Feldberg and Dr J. L. Malcolm. 
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PATHWAYS CONVERGING UPON PURKINJE CELLS 
IN THE FROG’S CEREBELLUM 


By D. B. CALNE 
From the Unwersity Laboratory of Physiology, Oxford 
(Received 8 October 1958) 


Matthews, Phillips & Rushworth (1958) have described two forms of spon- 
taneous discharge in cerebellar Purkinje cells of the frog: single impulses 
(spikes) and brief repetitive trains of activity (bursts). They also succeeded 
in exciting these events artificially. Stimulation of the lateral region of the 
cerebellum with a micro-electrode yielded single spikes with short inflexible 
latency (antidromic or monosynaptic orthodromic activation); single spikes 
with longer labile latency (polysynaptic activation); or finally, repetitive 
bursts with constant, relatively short, latency. These responses could be 
selected by changing the intensity or locus of stimulation, and it was con- 
cluded that they resulted from excitation of separate fibre systems converging 
upon Purkinje cells. 

The experiments reported here were designed to extend these findings by 
stimulating extra-cerebellar regions of the nervous system, arousal of which 
could be expected to excite Purkinje cells. Similar responses have been ob- 
tained by such means, and the interaction between them has been studied. 
Bursts with extremely long latencies were recorded, and observations have 
been made concerning an association between the burst and the slow wave 
(D potential) described by Granit & Phillips (1956). 

Identification of these discharges with Purkinje cells is indirect, and depends 
upon the considerations which have been put forward by Matthews et al. (1958). 


METHODS 


Small frogs (Rana temporaria) were anaesthetized with hexobarbitone 2 mg (Cyclonal sodium, 
May and Baker Ltd.) in 1% solution. In addition, the majority of animals were decerebrated by 
suction, and in a few cases were also curarized. The ipsilateral trigeminal and vestibular nerves 
were dissected out and cut caudal to the orbit, leaving stumps of sufficient size for the application 
of fine stimulating cathodes. Similar electrodes were also placed on the exposed ipsilateral 
surfaces of the medulla oblongata and cervical spinal cord. Initially, stimuli were applied to the 
dorsal and lateral aspects of the medulla at random, but in later experiments they were concen- 
trated in the area statica (eminentia acoustica; Gaupp, 1899) which was found to be a particularly 
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productive region. Having allowed anaesthesia to lighten, the cerebellum was explored with a 
technique similar to that of Matthews et al. (1958), using a KCi-filled micro-electrode of resistance 
5-10 MQ. The apparatus had an input capacity of 2-7 pF, and the grid current was 8 x 10-" A. 
The time base triggered condenser discharges of time constant 2 x 10~ sec, 1-5 V negative with 
respect to earth, and these discharges could be switched to any of the stimulating electrodes. 


RESULTS 
Differential responses 
Activity was recorded from one hundred and one single cerebellar units. 
Fifty-four gave diphasic action potentials of 5-30 mV (peak to peak) and these 
are assumed to be from Purkinje cells. Their responses to extra-cerebellar 
electrical stimuli fall into four categories; (1) single impulses with short 


(a) (6) (c) 


10 msec 10 msec 50 msec 
Fig. 1. A unit displaying three types of response. All recordings were made at the same amplifica- 
tion, upward deflexion representing a positive potential. (a) Stimulation at one point on the 
area statica elicited early spikes; (6) stimuli at another point on the area statica aroused 
early bursts; (c) stimulation of the vestibular nerve evoked late bursts; the variation of 
amplitude in (a), (6) and (c) was due to spontaneous fluctuations. 


latency (early spikes); (2) single impulses with long latency (late spikes); 
(3) repetitive activity with short latency (early bursts); and (4) repetitive 
activity with extremely long latency (late bursts). 

Figure 1 shows a cell responding in three of these ways according to the 
site of stimulation. (a) A shock at one point on the area statica evoked an 
early spike. (6) A stimulus at another point only 0-1 mm distant elicited an 
early burst of characteristically stereotyped form. (c) Excitation of the 
vestibular nerve produced a late burst; in contrast with (a) and (6), this event 
was of irregular form and variable latency. 

Table 1 summarizes the ways in which twenty Purkinje cells were activated. 
Stimulation of the area statica produced responses of short latency. The early 
spikes occurred at latencies of 1-3 msec, values for each unit being virtually 
constant. The early bursts appeared 7—9 msec after the stimulus, with similar 
inflexibility of latency. In one cell, bursts were accompanied by slow positive 
waves, a type of discharge identical with the inactivation responses which 
Granit & Phillips (1956) found in the cat’s cerebellum. On the two occasions 
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that late spikes were seen they were aroused by excitation of the vestibular 
nerve. Their latencies generally lay between 9 and 20 msec, depending on the 
interval between antecedent natural impulse and stimulus; the shorter this 
interval, the longer the latency (cf. Matthews et al. 1958). Late bursts were 
obtained by stimulating the trigeminal nerve, or the vestibular nerve, or the 
lateral aspect of the cervical spinal cord. Their latency was extremely variable, 
the distribution extending from 20 to 260 msec, with a peak at 80 (Fig. 2). 


TaBLE 1. Summary of responses observed in twenty units 


Site of stimulation 
Area statica of 
Max medulla oblongata Lateral 
amplitude - A ———. aspect of 
Latency cervical 
Unit peak (mV) (msec) cord Nerve VIII Nerve V 
54) 26 ES 2-5 LB 
(57) 10 LB LB 
60) 10 LB LB 
(61) 10 LB LB 
(65) 10 LB LB 
(66) 10 LB LB 
(68) 6 LB LB LB 
(71) 5 LB LB LB 
(72) 9 LB LB, LS LB 
(84) 21 ES 3-2 LS 
(85) 10 LB, DP 
(86) 7 ES 2-8 
(87) 8 EB 7-0 
(88) 8 EB 9-5 
(89) 5 EB 9-0 LB 
(91) 5 ES, EB 1-5, 7-5 LB 
(92) 1-6 
(93) 5 ES, EB 1-3, 6-6 
(94) 5 1-8 
(95) 6 ES, EB 1-9, 7-6 LB 


Gaps in this table mean that either the pathway concerned was not stimulated, or stimulation 
failed to evoke a response. DP, D potential; EB, early burst; ES, early spike; LB, late burst; 
LS, late spike. | 


While these bursts often had a low probability of response, statistical analysis 
(comparison of means in a Poisson distribution) has shown them to be a 
consequence of stimulation. 


Interaction between responses 


Early spikes followed repetitive stimuli at 100 c/s, consecutive impulses 
being characterized by slightly lengthened latency, retarded take-off of the 
spike from its prepotential, and attenuated amplitude. Similar changes were 
seen in the second of two spikes fired in rapid succession (cf. Matthews et al. 
1958); the second impulse failed when the interval between stimuli was reduced 
below 10 msec. 
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The interaction between spike and burst was studied by stimulating two 
pathways together. An early spike interpolated immediately before a burst 
delayed the latter and attenuated its initial component (Fig. 3(a), arrow), 
but no spike could be fired, once the burst had started, until some 10 msec 


Number of responses 


300 
Latency (msec) 
Fig. 2. Distribution of latencies of late bursts. These values were obtained from five units in 
which the trigeminal nerve (29 cases), the vestibular nerve (94 cases), and the cervical spinal 
cord (38 cases) were stimulated. 


(a) (b) (c) 


10 msec 10 msec 50 msec 

Fig. 3. Interaction between responses of the unit illustrated in Fig. 1. (a) The top sweep shows 
an early burst evoked by stimulation of the area statica. In subsequent sweeps an early 
spike was interpolated by applying a shock to enother point on the area statica at different 
stages. When immediately preceded by a spike, the first component of the burst (marked by 
arrow) was delayed and attenuated, but it was impossible to fire the spike once the burst 
had started (bottom). (b) Early bursts were aroused by paired stimuli at a single contact 

on the area statica. As the interval between shocks was progressively decreased the two 
bursts fused into a single prolonged response. (c) Here (b) is repeated with a slower sweep. 
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after its last oscillation (not illustrated). However, two bursts could be evoked 
in rapid succession, and when the interval between these was progressively 
decreased, they fused into a single prolonged response (Fig. 3(b) and (c)). 


D potential and burst 
The D potential so commonly observed in the cerebellum of the cat by 
Granit & Phillips (1956) was not often seen in the frog by Matthews et al. 
(1958), and also proved rare in the present studies. The following result 


50 msec 

Fig. 4. Extracellular (top) and intracellular (bottom) records of responses to stimulation of the 
cervical spinal cord. On advancing the micro-electrode, bursts (extracellular) gave place to D 
potentials (intracellular, membrane potential - 20 mV). Responses of similar latency were 
selected for comparison, and both were recorded at the same amplification. 


TaB_e 2. Comparison of the latencies of late bursts and D potentials, 
derived from the same unit as that illustrated in Fig. 4 


B D tials 

(extracellular) (intracellular) 
Mean latency (msec) 126 135 
8.D. 42 
No. of observations 23 34 


therefore deserves consideration, although the observations were only made 
on one occasion. In this experiment, late bursts were excited by stimuli 
applied to the lateral surface of the cervical cord (Fig. 4, top). On carefully 
advancing the micro-electrode, the d.c. level suddenly shifted to —20 mV 
implying penetration of the cell membrane, and simultaneously the nature 
of the response altered to a typical D potential (Fig. 4, bottom). From 
statistical considerations (Table 2) it is evident that there is no significant 
difference between the latencies of the two types of activity. Their duration 
is remarkably similar, and the waxing and waning amplitude of the burst 
corresponds to the peaks and troughs of the D potential. 


DISCUSSION 


These results are not sufficiently comprehensive to allow definite conclusions 
relating the various modes of excitation with mediation by particular ana- 
tomical pathways, but it is probable that shocks applied to the lateral aspect 
of the cervical spinal cord (to evoke late bursts) would have excited the spino- 
cerebellar tract. It may also be significant that both types of early response 
Were confined to cases of stimulation at the area statica, a region in which 
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Larsell (1923) described two fibre systems, namely the bulbocerebellar and 
cerebellotegmental tracts. The early bursts undoubtedly signal afferent 
excitation, but it is impossible to decide, on present evidence, whether the 
early spikes represent antidromic or monosynaptic orthodromic invasion. 
Antidromic excitation cannot be excluded on anatomical grounds, since many 
Purkinje axons leave the cerebellum for an unknown destination (Larsell, 
1923) and some may travel to or through the area statica. In three frogs a 
unilateral lesion was made in this region, after which the animals exhibited a 
striking postural disturbance, with excessive extensor tone in the contralateral 
limbs. 

The burst appears to be a homologue of the inactivation response seen in 
cats (Granit & Phillips, 1956; Matthews e al. 1958) and the fragmentary 
evidence bearing upon a relationship between burst and D potential may be 
important. It is likely that the burst (inactivation response) is generated by 
a slow wave of depolarization of the Purkinje cell membrane consequent upon 
synaptic excitation at its dendrites, and the D potential is probably the 


electrical signal of this depolarizing process. 


SUMMARY 


1. The electrical activity of single cerebellar Purkinje cells has been re- 
corded with micro-electrodes in decerebrate or lightly anaesthetized frogs. 

2. Responses were obtained by applying ipsilateral stimuli to the fifth 
and eighth cranial nerves; the area statica of the medulla oblongata; and the 
lateral region of the cervical spinal cord. 

3. It has been confirmed that the single spike and repetitive burst responses 
described by Matthews et al. (1958) are mediated by separate pathways. 

4. The interaction between these responses has been studied. 

5. There is evidence of a relationship between the burst and the D potential 
of Granit & Phillips (1956). 


I wish to thank Dr C. G. Phillips for advice and help, in particular for his supply of micro- 
electrodes. I am also grateful to Professor E. G. T. Liddell for laboratory facilities and financial 
support. 
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THE DISTRIBUTION OF RIBONUCLEIC ACID AND SOME 
OTHER SUBSTANCES IN THE ADRENAL CORTEX AFTER 
ADMINISTRATION OF ADRENOCORTICOTROPHIN 


By J. K. BURNS* ann A. J. HALE 
From the Institute of Physiology, University of Glasgow 
(Received 11 October 1958) 


Evaluation of the functional state of the adrenal cortex from sections of this 
organ is usually based on changes in the relative and absolute sizes of the three 
adrenocortical zones, or on changes in the distribution of lipid. It is generally 
considered, however, that such criteria are not entirely satisfactory, and 
improved methods for the assessment of the physiological state of this organ 
from stained sections are highly desirable. 

Though the pattern of lipid distribution in the adrenal cortex has been in- 
tensively investigated (Symington, Currie, Curran & Davidson, 1955), that 
of ribonucleic acid has received little attention, especially in laboratory 
animals. Using a histochemical method Rich & Berthrong (1949) found that 
granules rich in ribonucleic acid were abundant in human adrenals obtained 
post-mortem. Symington & Davidson (1956) investigated the effect of adreno- 
corticotrophin (ACTH) on the ribonucleic acid content of the adrenals of 
patients subjected to unilateral adrenalectomy. These authors used chemical 
as well as histochemical methods, and reported an increase in the ribonucleic 
acid (RNA): deoxyribonucleic acid (DNA) ratio of the adrenals after admini- 
stration of this hormone. They suggested that the accumulation of RNA may 
be a sign of active synthesis of adrenocortical hormones. They were dealing, 
however, with adrenals from patients who were suffering from malignant 
disease. Furthermore, in the experiments conducted by Symington & David- 
son (1956) the effect of ACTH was investigated for a single duration of time 
only (4 days). 

The present investigation deals with a systematic examination of the 
distribution of RNA.in the guinea-pig adrenal cortex after administration of 
ACTH for periods varying from 3 hr to 28 days. The results are correlated with 
alterations in the distribution of lipid, alkaline and acid phosphatase, ascorbic 


. Present address: Department of Physiology and Biochemistry, Queen’s College, Dundee. 
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acid and glycogen. It was hoped that a similar distributional pattern might 
be found for RNA as for one of these substances. Such a finding would 
suggest a functional association between RNA and such a substance, and could 
help to elucidate the role which is played by RNA in adrenocortical physiology. 
Also, if evidence could be found to support the hypothesis of Symington & 
Davidson (1956), that RNA is probably concerned with synthesis of corticoids, 
it could be argued that its pattern of distribution in the adrenal cortex may 
be a reliable indication of cellular activity in this organ. Some of the results 
described here have already been briefly reported (Burns, 1958). 

It is generally accepted that the materials examined are of considerable 
importance in the physiology of the adrenal. The precise functions of RNA and 
of phosphatase have not been elucidated. Agreement is lacking concerning 
the part played by ascorbic acid; a number of roles have been proposed for this 
substance (Slusher & Roberts, 1957). | 


Mature female guinea-pigs, weighing 350-500 g, were divided into a control group of six animals 
and twelve groups of three animals each. The mean weights of the animals in each group were 
similar. The experimental animals were given ACTH by intramuscular injection, and killed after 
3, 6, 12 or 18 hr, or after 1, 3, 5, 7, 10, 14, 21, or 28 days. The first two groups received a single 


Barnett & Bourne (1941) 


Pearse (1953) 
& Pearse (1952) 
Ashbel & Seligman (1949) 


injection of water-soluble ACTH (Acthar; Armour) 5 mg/500 g body weight, and were killed after 
3 hr and 6 hr respectively. The third and fourth groups were given similar injections at 0 and 6 hr, 
and at 0, 6 and 12 hr, respectively, and were killed at 12 hr and at 18 hr from the first injection. 
The remaining groups received an injection of Acthar gel 5 mg/500 g body weight, morning and 
evening, for periods varying from } to 28 days. These animals were killed on the day following the 
last injection by stunning and bleeding from the cervical veasels. The adrenals were removed 
immediately. 

The right adrenal was cut across its transverse axis, and the apices removed. Thus all zones of 
the adrenal were present in sections. The gland was fixed in 12% neutralized formalin solution, 
dehydrated rapidly in graded alcohols, and embedded in paraffin wax. Sections 6 u in thickness 
were cut and stained by methods shown in Table 1. 

The left adrenal was also cut across its transverse axis, and the terminal portions removed. 
of ascorbic acid, the remainder being fixed in 12% neutral formalin at 04° C. Frozen sections, 
spproximately 15 » im thickness, were cut and stained by the methods mentioned in Table 1. 
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METHODS 
2 Tasiz 1. Histochemical methods used in experiments 
4 Adrenal Staining technique Reference 3 
3 Right (paraffin sections) Methyl green in (M.G.P.) Brachet (1953) 
MG. after distilled water th 
M.G.P. after ribonuclease 
Periodic acid Schiff (P.A3.) Hotchkiss (1948) n 
P.AS. after diastase fc 
P.AS. after ribonuclease 
Left (unfixed slice) Acid silver nitrate ee 
(frozen sections) Sudan III 
Azo coupling for phosphatase 
Method for ketosteroids 
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Alkaline phosphatase was shown by a simultaneous azo-coupling method (Pearse, 1953), using 
the stable diazonium salt of o-dianisidine (Fast Blue B salt, [.C.I.), or of 5 chloro-o-toluidine 
(Fast Red TR salt, 1.0.1). Acid phosphatase was shown by the method of Grogg & Pearse (1952), 
‘Fast Red RC’ salt being substituted for the stabilized diazonium salt of o-dianisidine, as sug- 
gested by Pearse (1953). 


RESULTS 
Normal guinea-pig adrenal 

Ribonucleic acid (RNA) is present in greatest concentration in the zona 
reticularis, and in moderate amount in the zona glomerulosa (PI. 1, fig. 1). 
The fascicular zone contains much less RNA, which forms a fine reticulum, 
surrounding lipid droplets. Cell membranes, however, in this zone show a 
high concentration of RNA. 

Lipid. The distribution of lipid is diametrically opposite to that of RNA. 
Sudanophilia is most marked in the zona fasciculata. In the zona glomerulosa 
only fine droplets of lipid are evident. Cells of the reticular zone are very 
lightly stained. 

Ketosteroids. Use of the Ashbel—Seligman (1949) reaction gave inconsistent 
results, 

Phosphatase. Alkaline phosphatase was found in greatest amount in the 
zona glomerulosa, and in moderate concentration in the outer zona fasciculata 
(PL 1, fig. 2). The distribution of acid phosphatase was similar. 

Ascorbic acid is present in all zones of the guinea-pig adrenal cortex. 
Stained granules were found in moderate amounts in the zona glomerulosa; 
they were more numerous in the zona fasciculata, and seemed to be most 
numerous in the zona reticularis. Some granules of brown pigment were also 
found in the latter zone. 

Glycogen. Very fine granules, rich in glycogen, were present in all three 
zones of the adrenal cortex. Deepest staining with P.A.S. occurred in the 
zona reticularis. 

Adrenals from expervmental animals 

Results for the adrenals of guinea-pigs which were given ACTH are shown 
in Table 2. These results will, therefore, be only briefly summarized in this 
section. 

Ribonucleic acid. In adrenals of guinea-pigs given a single injection of ACTH 
the cytoplasm of small groups of cells in the zona reticularis contained abun- 
dant granules, rich in RNA. Adrenals from animals treated with ACTH for 
longer periods showed a gradually increasing concentration of RNA, initially 
in the zona reticularis, and later in all zones. Most adrenocortical cells of 
animals given injections of ACTH for 21 days (PI. 1, fig. 3), and for 28 days, 
were compact in type and very rich in RNA. Some cells, however, showed a 
clear cytoplasm. These contained abundant lipid, but little RNA. 

Lipid. In short-term experiments (3-12 hr) there was a moderate depletion 
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of lipid in the zona fasciculata, followed by an increase in lipid inthe zona 
reticularis. In prolonged experiments the zona fasciculata showed a moderate 
increase in lipid concentration, and the reticular zone a markedly increased 
lipid content. 

Phosphatase. An increase in alkaline phosphatase concentration was evident 
in the glomerular zone after a single injection of ACTH. This enzyme increased 
in amount in this zone with continued ACTH administration (Pl. 1, fig. 4), 
but in more prolonged experiments a return to normal concentration was 
found. A similar though less marked tendency was evident in the outer zona 
fasciculata. Changes in acid phosphatase were similar to those in alkaline 
phosphatase. 


TaBiE 2. Subjective impression of the amounts of materials in adrenals of experimental animals, 
expressed as arbitrary values, from -4 to +4. Where no such value is shown the concentra- 
tion of the substance concerned was judged to be normal. Variations in the amounts of acid 
phosphatase were similar to those of alkaline phosphatase 


Duration 
of ACTH 
administra- RNA Lipid Phosphatase Ascorbic acid Glycogen 
(hr) (days) Z.G. Z.F. Z.R. Z.G. Z.F. ZR. Z.G. Z.F.Z.R.Z.G. ZF. ZR. ZG. ZF. ZR. 
3 — — +1 — =-2 -1 +1 — — +4 -4 -4 -2 -2 -3 
6 — — +) — -2 -1 +1 — — -4 -4 -4 -2 +2 -3 
12 — +1 42 — -2 — +2 — — -4 -4 -4 =1 -1 -3 
18 — +1 42 — -1 — 42 — — -4 -4 -3 -1 -1 -!1 
+1 41 43 — 42 +1 — -3 -3 -2 — 
+1 42 +3 — — +1 438 42 
42 43 +3 — — +1 +4 — 
7 +2 +3 +3 — — +1 +4 — — 


+2 +4 — 
Z.G., zona glomerulosa; Z.F., zona fasciculata; Z.R., zona reticularis. 


Ketosteroids. Results were variable, even in the same material. 

Ascorbic acid. In acute experiments (3-18 hr) a marked depletion of this 
substance occurred in all adrenocortical zones. In more prolonged experi- 
ments the concentration of ascorbic acid was similar to normal. 

Glycogen. Changes were similar to those in ascorbic acid. Depletion of 


glycogen, however, in acute experiments, was most marked in the zona 
reticularis. 


DISCUSSION 


Chemical methods have been used to demonstrate an increase in the 
RNA:DNA ratio in the human adrenal (Symington & Davidson, 1956), in 
the rat adrenal (Fiala, Sproul & Fiala, 1956) and in the guinea-pig adrenal 
(T. R. Ramaiah, personal communication) after administration of ACTH. 
Only in the guinea-pig adrenal had it been shown that there is no alteration 
in mean nuclear DNA after administration of this hormone (Burns, Hale & 
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Hutchinson, 1956; Hutchinson, Burns & Hale, 1958), and only in this animal, 
therefore, after injections of ACTH, may an increase in the RNA:DNA 
ratio be interpreted as definitely indicating an absolute increase in mean 
cellular RNA. Histochemical techniques may be expected to enable us to 
determine in which adrenocortical zones this increase in RNA occurs. Associa- 
ted changes in the distributional pattern of other substances (after ACTH) 
could indicate a possible role for RNA in adrenocortical physiology. 

A close association of RNA with phosphatase has been observed in a number 
of organs during hyperplasia, and it has been suggested that these substances 
are concerned with protein synthesis (Bradfield, 1950). In our material, 
however, RNA and phosphatase were not invariably similarly distributed. 
We found that ACTH caused an increase in the amount of RNA in all adreno- 
cortical zones, whereas an increase in the concentration of phosphatase 
resulted in the zona glomerulosa and outer zona fasciculata only. Also, after 
prolonged administration of ACTH, phosphatase concentration appeared to 
be normal in all zones of the adrenal cortex but RNA concentration was 
persistently elevated in all areas. Furthermore, in our control group of 
animals, the highest concentration of phosphatase was found in the zona 
glomerulosa, whereas the greatest amount of RNA was present in the reticular 
zone. 

Symington & Davidson (1956) have suggested that RNA may be concerned 
with synthesis of adrenocortical hormones. In our material an increase in 
lipid in the zona reticularis and zona fasciculata was preceded by an increase 
in the amount of RNA in these zones. This finding lends some support to the 
hypothesis of Symington & Davidson (1956). In our experiments, however, 
an increase in the amount of RNA occurred, after administration of ACTH, 
in the zona glomerulosa, and this was not followed by an increased deposition 
of lipid in this zone. Attardi (1957), using an ultra-violet microspectrophoto- 
metric technique, has shown that prolonged physiological stimulation results 
in a marked increase in the RNA content of Purkinje cells of the cerebellum 
in albino rats. He postulated that in normal rats the RNA content of Purkinje 
cells was an indication of the functional state of these cells. In our experiments 
prolonged stimulation of adrenocortical cells resulted in an increase in the RNA 
content of these cells, which are, presumably functionally active. Although 
our findings for the adrenal are not strictly comparable with those of Attardi 
(1957) for the cerebellum, we should like to suggest that the RNA content of 
adrenocortical cells may be an indication of their secretory activity. If this is 
so, compact cells tich in RNA content are physiologically active, and clear 
cells poor in cytoplasmic RNA are functionally inactive. 

In acute experiments of our series an increase in RNA on the zona 
reticularis was associated with depletion of glycogen and of ascorbic acid in all 
adrenocortical zones. In more prolonged experiments an essentially normal 


ty 
Va 
$ 
a 
tf 


470 J. K. BURNS AND A. J. HALE 


distribution of ascorbic acid and of glycogen was accompanied by an increase 
in the amount of RNA in all three zones of the adrenal cortex. Our results, 
therefore, do not suggest that there is a close functional relationship between 
adrenocortical RNA and either of these compounds. 

It is possible that the increase in RNA in the adrenal cortex after adminis- 
tration of ACTH is more closely related to hypertrophy and hyperplasia than 
to deposition of lipid. This possibility is being investigated. In our experiments 
the sexual state of the female guinea-pigs was not determined. It is conceivable 
that the amount of RNA could vary in different phases of the oestrous cycle, 
especially in the zona reticularis. We are planning further experiments with 
this in view. 

SUMMARY 

1. Groups of female guinea-pigs were given ACTH by injection for periods 
varying from 3 hr to 28 days. Sections from the adrenals of these and of a 
control group of animals were stained for ribonucleic acid (RNA), lipid, 
alkaline and acid phosphatase, ascorbic acid and glycogen. 

2. In acute experiments depletion of lipid, of ascorbic acid and of glycogen 
was found, and an increase in the amount of RNA and of phosphatase in 
some adrenocortical zones. The concentration of RNA and of phosphatase 
increased with continued ACTH administration. In prolonged experiments, 
however, the distribution of this enzyme was normal. 

3. Lipid deposition in the zona fasciculata and zona reticularis was pre- 
ceded by an increase in the amount of RNA in these zones. The possibility 
that RNA may be concerned with synthesis of adrenocortical hormones is 
discussed. 

We wish to thank Professor R. C. Garry for his advice and encouragement. We are indebted 
to Professor J. N. Davidson for supplying us with ribonuclease. 
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EXPLANATION OF PLATE 
(In each figure, scale marks 100 ,.) 

Fig. 1. Section from normal guinea-pig adrenal which was stained to show RNA. This substance 
is present in moderate amount in the zona reticularis (below) and the zona glomerulosa 
(above); little RNA is found in the zona fasciculata (upper centre). Methyl green pyronin. 

Fig. 2. Distribution of alkaline phosphatase in the normal guinea-pig adrenal. The highest 
concentration is found in the zona glomerulosa; very little of the enzyme is present in the 
zona fasciculata (centre) or zona reticularis (below). Azo-coupling method. 

Fig. 3. Adrenal cortex from a guinea-pig which was given ACTH for 21 days. Almost all the 
cells are compact in type, rich in RNA: some, however (to right and below), are clear; these 
are poor in RNA content, but contain abundant lipid. Methyl green pyronin. 


Fig. 4. Photomicrograph showing the increase in alkaline phosphatase concentration caused by 
administration of ACTH for 7 days. There is a greater than normal amount of the enzyme 
present in the zona glomerulosa (above) and the zona fasciculata (centre); the reticular zone 
(below) did not stain. Azo-coupling method. 
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STUDIES ON THE UPTAKE OF 5-HYDROXYTRYPTAMINE 
| BY BLOOD PLATELETS 


By G. V. R. BORN anp R. E. GILLSON 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 20 October 1958) 


The work to be described in this paper extends earlier work (Born, Ingram & 
Stacey, 1958; Born, Hornykiewicz & Stafford, 1958) which suggested that a 
study of the mechanism which allows platelets to accumulate 5-hydroxy- 
tryptamine (5-HT) and adrenaline might throw light on the nature of ‘recep- 
tors’ with which pharmacologically active amines are thought to react in 
living cells. 

When freshly isolated from blood, mammalian platelets contain 5-HT 
(Rand & Reid, 1951; Zucker & Rapport, 1954; Zucker, Friedman & Rapport, 
1954). When plasma containing platelets (‘platelet-rich plasma’) is incu- 
bated at 37° C the platelets take up added 5-HT, even when the concentration 
of 5-HT in the platelets greatly exceeds that in the plasma (Humphrey & 
Toh, 1954; Hardisty & Stacey, 1955; Zucker & Borrelli, 1956). Platelets 
retain their 5-HT even in plasma containing none (Udenfriend & Weissbach, 
1954). On the basis of these observations it has become customary to say 
that 5-HT is ‘bound’ to platelets, but so far nothing is known of what this 
binding means in chemical terms. 

Previous work showed that the 5-HT content of platelets as well as their 
capacity to take up 5-HT varies greatly (Hardisty & Stacey, 1955). This varia- 
tion was correlated with a variation in the adenosine triphosphate (ATP) 
content of the platelets (Born, Ingram & Stacey, 1958). We now show that 
the amount of 5-HT which platelets take up depends also on the experimental 
conditions, and that the simple methods described in the literature are inade- 
quate for determining the uptake capacity of platelets. 

This paper is, therefore, divided into two parts: The first part describes 
experiments done to establish a method which enables platelets to accumulate 
at least as much 5-HT as the largest amount found in vivo, ie. in platelets 
*of cases of carcinoid tumour. This part also gives results obtained with this 
method. The second part describes experiments in which the method was not 
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required; they concerned the initial rate of uptake and the exchangeability 
of 5-HT in platelets. Reports of some of this work have appeared in the Pro- 
ceedings of the Physiological Society (Born & Gillson, 1957, 1958). 


METHODS 


Preparation of platelet-rich plasma. All glassware with which platelets came into contact was 
coated with silicone (MS. 1107). Human platelets were used. An arm vein was punctured to 
obtain blood which flowed through the needle and through a short polythene tube into centrifuge 
tubes made of glass or of cellulose acetate. Each tube contained 10 ml. blood, which was mixed 
either with 0-8 ml. 19% (w/v) sodium citrate or with 1-2 ml. 4-5% (w/v) ethylene diamine tetra- 
acetate (EDTA). The final concentration of citrate was 12-9 mm and of EDTA 3-6 mm. The tubes 
were cooled to 0° C and centrifuged at 0—-1° C and 500 g for 20 min. 

The supernatant plasma which contained many platelets (‘platelet-rich plasma’) was sucked 
off with a capillary pipette. Duplicate samples of 0-1 ml, were mixed with 1-9 ml. of a solution 
containing 1% (w/v) formaldehyde in 3% (w/v) sodium citrate. The platelets in this diluted sus- 
pension were counted in haemocytometer chambers. 

Methods used for exposing platelets to 5-HT in vitro. Two methods were used: (1) For experiments 
lasting only a short time, 5-HT was added to platelet-rich plasma in tubes made of siliconed glass 
or of cellulose acetate, according to the procedure of Hardisty & Stacey (1955); the tubes were 
incubated in a water-bath at 37°C. (2) For experiments lasting several hours the cellophane tube 
method was used; this is described later, together with the reasons for using it. Control experi- 
ments showed that 5-HT was not broken down when incubated in platelet-rich human plasma. 

Isolation of platelets after incubation. Samples of platelet-rich plasma were transferred into 
centrifuge tubes at 0° C. Duplicate samples of 0-1 ml. were diluted for platelet counting. The rest 
of the plasma was centrifuged at 15,000 g and 1° C for 5 min. The supernatant plasma was care- 
fully decanted and the inside of the tubes above the platelet sediment was wiped with filter paper 
to remove any remaining drops of plasma. 

Effect of ‘ washing’ platelets on their content of 5-HT. In experiments on uptake 5-HT was added 
to platelet-rich plasma. After centrifugation the supernatant plasma was removed as completely 
as possible, but some plasma remained in the platelet pellet. In order to obtain a true value for 
the amount of 5-HT in the platelets it was necessary either to wash away this plasma or to deter- 
mine its volume. 

According to Weissbach, Bogdanski & Udenfriend (1958), dog platelets can be centrifuged and 
resuspended repeatedly in isotonic saline without effect on their content of 5-HT as determined 
on the basis of platelet protein. Stacey (1958) found, however, that when human platelets were 

‘washed’ in this way they always lost 5-HT. 

We found that it was impossible to resuspend platelets after centrifugation i in such a way that 
they could be counted; moreover, in relation to the initial count, washing brought about a loss 
of 5-HT. In one experiment platelet-rich plasma was incubated with 1-5 ug 5-HT/ml. for 50 min. 
After centrifugation the platelet pellet was gently dispersed in ice-cold 0-9% NaCl by means of a 
polythene rod and the suspension was centrifuged again, whereupon the platelets had lost 10% 
of their 5-HT. When the washing procedure was repeated two, four and six times the platelets 
lost 15, 26 and 34% respectively. Whether 5-HT leaked from intact platelets or whether they were 
progressively destroyed was not determined, but it was clear that platelets should not be washed 

Determination of the volume of plasma in the platelet pellet. Experiments were made, therefore, 
to determine the volume of plasma which remained in the platelet pellet after centrifugation. 
This was done by mixing inulin with platelet-rich plasma at 0° C, centrifuging to sediment the 
platelets and determining inulin (Bacon & Bell, 1948) in the plasma and in the platelet pellet. 
Similar experiments were done in which human serum albumin labelled with I was used instead 
of inulin. From the results the amount of plasma in the pellet was calculated. The values obtained 
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in six experiments with inulin were very similar to those obtained in four experiments with albu- 
min: on the average there was 0-45 yl. plasma/10* platelets (range 0-27-0-83). With plasma con- 
taining 1-5 ug HT/ml. this volume corresponds to 0-7 ng 5-HT. In view of the results presented in 
Table 1 (see below, p. 479), it is clear that plasma left in the platelet pellet introduced no significant 
error in the calculation of the concentration of 5-HT in platelets. 

5-hydrozytryptamine was used in two forms, non-radioactive and radioactive. The former was 
obtained from Roche Products, Ltd. 5-HT labelled with “C (5-hydroxy-3-indolyl-(ethy}-2- 
amine-1-“C) creatinine sulphate monohydrate) was supplied by the Radiochemical Centre at 
Amersham and had a specific activity of 6-87 mc/m-mole. 
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5-HT recovered from platelets (ng/10® platelets) 


A B Cc D E 


Fig. 1. Extraction of 5-HT from platelets using different procedures. Platelet-rich plasma was 
incubated at 37°C for 60 min with added radioactive 5-HT (1-5 ug/ml.). Platelets were 
separated by centrifugation and extracted as follows (for details, see text): A, with 90% 
acetone which was evaporated without a stream of air; B, C, with 90% acetone which was 
evaporated with the aid of a stream of air; D, Z, with distilled water only. Open columns 
represent results of bioassay, solid columns those of “C counting. 


Extraction and recovery of 5-HT. At first we used the method of Hardisty & Stacey (1955). 
The sedimented platelets were dispersed in 1 ml. water by means of a glass homogenizer (Potter & 
Elvehjem, 1936), the bulb of which fitted closely into the bottom of the centrifuge tubes. The sus- 
pension was transferred into glass-stoppered tubes, shaken with 9 vol. of acetone and kept at 
- 10°C during the night. The tubes were centrifuged and the clear supernatant solutions were 
evaporated to dryness in round-bottomed flasks at 33-35° C in vacuo. 

5-HT is completely extracted by 90% acetone. This is shown by the following experiment. 
Platelet-rich plasma was incubated with radioactive 5-HT until 88 % was taken up by the platelets ; 
when platelets and plasma were extracted with 90% acetone the total counts of “C recovered 
were equal to those added. On the other hand, the evaporation of the acetone extract brought 
about the break-down of a variable proportion of 5-HT. This was shown by adding radioactive 
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5-HT to platelets, extracting it as described and determining it by bioassay as well as by counting 
“C, Fig. 1 shows that, as measured by bioassay, only at ut half of the 5-HT was recovered, 
whether or not air passed through the extract during tion. 

The figure shows that better results were obtained when acetone was not used. The platelets were 
merely dispersed in distilled water; the suspension was frozen, thawed and centrifuged to remove 
insoluble material. Samples of the supernatant solution were dried on planchettes for counting 
“C; other samples were used for bioassay after dilution with saline. Although only 80-90%, 
was recovered, no 5-HT was broken down, since both methods of assay gave the same result. 

Some of the earlier experiments were made before it was realized how much 5-HT was broken 
down during the evaporation of acetone extracts. All results were confirmed later by the method 
which avoided such break-down and by the use of radioactive 5-HT. 


Determination of 5-HT 

Non-radioactive 5-HT was determined by bioassay. At first we used the isolated uterus of the 
rat in oestrus (Gaddum, Peart & Vogt, 1949). The bath had a volume of 2-0 ml., otherwise the 
conditions were those used by Hardisty & Stacey (1955). Later, we used a strip of isolated stomach 
of the rat, as described by Vane (1957). ; 

Radioactive 5-HT was determined on planchettes at infinite thinness in a helium gas flow 
counter which had an apparent counting efficiency of about 50%. 

5-HT was added as the creatinine sulphate. The results in this paper are expressed in terms of 


the free base. 
RESULTS 
PART I. Development of method for measuring the capacity of platelets to 
take up 5-HT 


The platelets of normal people contain 25-60 ng 5-HT/10* platelets (Hardi- 
sty & Stacey, 1955; see also Table 1 of this paper). The highest concentrations 
of 5-HT in human platelets occur in cases of carcinoid tumour, where values 
ranging from_80 to 340 ng/10* platelets have been reported, with an average 
of about 200 (Snow, Lennard-Jones, Curzon & Stacey, 1955; and unpublished 
results). Hardisty & Stacey (1955) got platelets to take up 5-HT by merely 
adding it to platelet-rich plasma which was incubated at 37° C in glass tubes 
pre-treated with silicone. When uptake stopped after 75-90 min the platelets 
contained from 127 to 355 ng/10* platelets with a mean of 221 ng (10 experi- 
ments). These values were similar to those in platelets of carcinoid tumours. 
The first question to be answered was, therefore, whether these concentrations 
represented the limit of the platelets’ capacity to take up 5-HT, or whether this 
limit was imposed by experimental conditions. 


Changes in platelet-rich plasma during incubation 
When we began to use the method of Hardisty & Stacey we found that 
during incubation the pH of the plasma increased considerably ; in four experi- 
ments the increase in 90 min was from 7-4-7-6 to 8-1-8-4. It was conceivable 
that such a change in the plasma might modify the uptake of 5-HT by plate- 
lets. Attempts were therefore made to maintain the pH more constant. In 
one experiment plasma containing 5-HT 1-5 ug/ml. was divided into two 


samples. One sample was incubated at 37° C for 90 min in an open glass tube; 
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in that time the pH changed from 7-5 to 8-4 and the concentration of 5-HT 
in the platelets rose from 20 to 75 ng/10* platelets. The other sample was 
incubated in the same way, except that a mixture of 95% O, and 5% CO, 
was bubbled through it. This reduced the rise in pH to 7-8, and brought about 
an increase in the uptake of 5-HT to 110 ng/10® platelets; but it had the dis- 
advantage that it made the plasma froth. After various trials the following 
method was devised to maintain the pH of platelet-rich plasma constant and 
to provide the platelets as nearly as possible with physiological conditions 
for several hours. 


String attached to 
shaker of Warburg bath 
M of 

Platelet-rich plasma 
——in cellophane bag 
V4 
VA 

Krebs-bicarbonate 

solution with 
added glucose and citrate y Glass weight 
Water at 37° C 
Fig. 2. Cellophane tube method for measuring the capacity of platelets to take up 5-HT; 
for description see text. 
The cellophane tube method 


This method is shown in Fig. 2. Platelet-rich plasma was introduced into a 
tube made of cellophane, as used for dialysis. The upper end of the tube was 
left open for sampling. The lower end was tied and a glass weight (ca. 10 g) 
was attached to it. The tube was immersed to just below the open upper end 
in Krebs’s bicarbonate solution which was contained in a 250 ml. measuring 
cylinder. The cylinder stood in a water-bath at 37° C. The Krebs’s solution 
contained anticoagulant at the same concentration as the plasma, and 0-2°% 
(w/v) glucose; it was continuously gassed with a mixture of 95% 0,+5% CO. 
The cellophane tube was moved mechanically up and down in the Krebs’s 
solution about once a second. This movement produced agitation in the 
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plasma and in the Krebs’s solution and thereby facilitated the exchange of 
small molecules through the cellophane membrane. The volume of plasma was 
always less than 25 ml., so that the volume of the Krebs’s solution exceeded 
that of the plasma by at least ten to one. 5-HT was added to the Krebs’s 
solution only, or to the Krebs’s solution and to the plasma in equal concentra- 
tion; other substances to be tested were added in the same way. 

The advantages of this method were as follows: 

(1) 5-HT and other substances reached the platelets by diffusing through 
the cellophane membrane from the Krebs’s solution into the plasma. A sub- 
stance added to the solution was therefore present in such large amounts that 
if any was inactivated or taken up by platelets during the period of incubation 
its concentration was not significantly reduced. 

(2) The platelets were left in their own plasma so that they remained in 
contact with approximately the same concentration of plasma proteins as in 
the circulating blood. 

(3) Metabolites were able to diffuse away from platelets out of the plasma; 
glucose and oxygen were able to diffuse into the platelet-rich plasma. 

The following control experiments were made with the cellophane tube 
method. 

Effect on the platelet count. In fifteen experiments platelet-rich plasma from 
six different subjects was incubated for up to 22 hr; before incubating through 
the night penicillin and streptomycin were added to the Krebs’s solution, 
each at a concentration of 0-2 mg/ml., to prevent the growth of micro-organ- 
isms. At different times the volume of the plasma and the platelet count were 
determined. During the first hour the plasma volume increased by about 5% ; 
after that time it remained constant. Fig. 3 shows that, when corrected for 
this change in volume, the platelet count decreased progressively until about 
50% were left after 22 hr. As time went on an increasing proportion of 
platelets became microscopically less refractile and more difficult to see. 

Stability of 5-HT. 5-HT was not inactivated during incubation for up to 

hr. 


Rate of movement of 5-HT through the cellophane membrane. When only the 
Krebs’s solution contained 5-HT the concentration in the plasma increased 
progressively for 90-120 min, when the concentrations reached the same level 
inside and outside the cellophane tube. 

Effect on rate of wptake, The slowness with which 5-HT moved through the 
cellophane membrane made it likely that when 5-HT was added only to the 
solution outside the cellophane tube the rise in concentration inside might be so 
slow as to delay the uptake of 5-HT by platelets. This delay was demonstrated 
in two experiments. 5-HT (1-5 ug/ml.) was added in one cylinder to the Krebs’s 


_ solution only and, in another, to the plasma as well at the same concentration, 


and the rates at which the platelets took up 5-HT were compared. When 
31-2 
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5-HT was added to the plasma at the beginning the rate of uptake in the first 
30 min was faster by about 30%. 


Increased wptake with the cellophane tube method 
When platelet-rich plasma was incubated by the cellophane tube technique 
the platelets took up several times as much 5-HT as they did in plasma incu- 
bated in glass tubes. This is shown in the following experiment. One sample of 
platelet-rich plasma containing 5-HT 1-5 ug/ml. was incubated at 37° C in an 
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Fig. 3. Decrease in the platelet count of platelet-rich plasma incubated by the cellophane 
tube method. Ordinate, platelet count as percentage of the initial count; abscissa, time. 
open glass tube. Two other samples which did not contain 5-HT were incu- 
bated by the cellophane tube method; the Krebs’s solutions contained 

5-HT 1-5 »g/ml. but only one of them was gassed. 

Figure 4 shows the amounts of 5-HT taken up by platelets after 90 min, and 
also the change in pH of the plasma samples. With the cellophane tube method 
the uptake was much greater than with the glass tube method and the pH 
increased less. Furthermore, gassing the Krebs’s solution increased the uptake 
considerably, although it had only a small effect on the pH. This suggests 
that the increased uptake was brought about not only by keeping the pH of 
the plasma more constant but also by providing the platelets with an adequate 
supply of oxygen. 

Table 1 summarizes experiments in which the uptake of 5-HT by platelets 
was determined both by the glass tube method and by the cellophane tube 
method. The concentration of 5-HT in the medium was 1-5 pg/ml. The plate- 
lets ceased taking up 5-HT after periods of time ranging from 90 to 180 min. 
After incubation for 90 min in glass tubes the platelets contained a mean of 
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140 ng/10* platelets; after the same time in cellophane tubes they contained 
a mean of 350 ng/10* platelets, i.e. 2-5 times more. After 180 min in cello- 
phane tubes the content rose to an average of 460 ng/10® platelets, and in one 
experiment to nearly 1000. 
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Fig. 4. Uptake of 5-HT by platelets under different conditions. Open columns indicate the con- 
centration of 5-HT in platelets (ng/10* platelets). Solid columns indicate the pH of the plasma 
from which the platelets were obtained. A, values found with platelet-rich plasma before 
incubation ; B, values found after the plasma containing 1-5 ug 5-HT/ml. had been incubated 
at 37° C for 90 min in an open glass tube pre-treated with silicone; C, values found after the 
plasma had been incubated at 37° C for 90 min by the cellophane tube method; the Krebs’s 

| solution contained 5-HT 1-5 g/ml. and no gas was bubbled through it; D, values found 

when the conditions were the same as those for C, except that the Krebs’s solution was 

gassed with 95% O, +5% CO,. 


TaBLe 1. Uptake of 5-HT by platelets by the glass tube method and by the cellophane tube 
method. Incubation at 37°C; the plasma contained 5-HT 1-5 ug/ml. and citrate as an - 
coagulant. The results are expressed as ng/10* platelets 


Glass tube method Cellophane tube method 
5-HT in platelets 5-HT in platelets 
eee After incubation for 
Before incubation Before — 
incubation for 90 min incubation 90 min 180 min 
Mean 140 350 460 
10-90 125-835 180-960 
Variation x 75 x 75 x 9-0 x 6-7 x 53 
No. of expts. 13 13 13 12 i) 


What determines the maximum amount of 5-HT taken up? 
The following experiments were made to investigate some of the causes 
which might limit the uptake in amount and in time. All these experiments 
were made with the cellophane tube method. 
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Loss of 5-HT from platelets. It was possible that, when the concentration of 
5-HT in platelets reached a certain level, a steady state was set up in which 
the rate of uptake was balanced by an equal rate of loss of 5-HT from the 
platelets. In four experiments platelets appeared unable to retain 5-HT which 
they had taken up, for they contained less after incubation for 6 hr than after 
incubation for 3 hr. However, in five other experiments the highest concentra- 
tion of 5-HT reached in the platelets remained unchanged for at least 6 hr. 
The reason why some populations of platelets behaved differently from others 


100 


Concentration of 5-HT in platelets (ng/10® platelets) 
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Fig. 5. Uptake of 5-HT by platelets using the cellophane tube method. A shows the results 
obtained when 5-HT (1-5 ug/ml.) was added to the Krebs’s solution at the beginning of the 
incubation; B, when 5-HT was added after pre-incubation for 1-5 hr; C, when 5-H'T was added 
after pre-incubation for 3 hr. 


in this respect was not established, but it is clear that inability to retain 
5-HT which has been taken up cannot be the general explanation for the 
limitation on the uptake. 

Deterioration of platelets. Another possibility was that deterioration of the 
platelets during incubation brought the uptake of 5-HT to an end without 
affecting their ability to retain 5-HT. That this is not so is shown in Fig. 5. 
Three cylinders were set up, each containing Krebs’s solution and platelet- 
rich plasma in a cellophane tube. 5-HT 1-5 «g/ml. was added to one solution 
at the beginning of incubation, to another 90 min later and to the third after 
180 min. Platelets from each tube were analysed for 5-HT at different times. 
In the first cylinder platelets ceased taking up 5-HT after 180 min; yet after 
incubation for 90 min without 5-HT platelets in the second cylinder accumu- 
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lated 5-HT when it was added for about the same length of time and to the 
same extent. Even after preincubation for 180 min the rate of accumulation 
was only a little slower although the amount taken up was reduced by about 
one-third. Clearly the ability of platelets to accumulate 5-HT decreased only 
slowly under the conditions used. 

Concentration of 5-HT. Hardisty & Stacey (1955) found that platelets took 
up maximal amounts of 5-HT when the plasma in which they were suspended 
contained 5-HT 1-5 ug/ml. We began by using this concentration of 5-HT in 
our experiments, but it was possible that under the conditions of the cello- 
phane tube technique the concentration of 5-HT in the medium might limit 
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Fig. 6. Relation between concentration of 5-HT added to Krebs’s solution and uptake of 5-HT 
by platelets, using the cellophane tube method; incubation at 37° C for 140 min. 


the amount taken up by the platelets, Four experiments were made to test 
this; a representative result is shown in Fig. 6. In this experiment platelet- 
rich plasma was incubated for 140 min by the cellophane tube method in 
several cylinders of Krebs’s solution, each containing a different concentration 
of 5-HT. The amount of 5-HT taken up by platelets increased with increasing 
concentrations of 5-HT in the medium, up to about 0-6 ug/ml.; higher con- 
centrations brought about no further increase. The concentration in which 
platelets took up half of the maximum amount was about 0-2 ug/ml. These 
results show that the amount taken up was not limited by the concentrations 
of 5-HT which were used. 

Effect of anticoagulants. To prevent the plasma from clotting it was found 
that the Krebs’s solution had to contain an anticoagulant at the same con- 
centration as the plasma. Since the presence of so much anticoagulant was 
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thought to be the most unphysiological element in the conditions under which 
the platelets were incubated, experiments were made to determine whether 
the anticoagulant had an effect on the uptake of 5-HT by platelets. Table 2 
shows that during incubation for 90 min the platelets took up more than twice 
as much 5-HT when the anticoagulant was citrate than when it was EDTA. 
Other anticoagulants were not investigated; it is clear, however, that the 
substance used as anticoagulant may affect the uptake. Citrate was used in 
all other experiments. 


TaBiE 2. The effect of EDTA and of citrate on the uptake of 5-HT by platelets. The concentra- 
tion of EDTA was 3-6 mm and that of citrate was 12-9 mm. Incubation at 37° C for 90 min. 
The concentration of 5-HT added to the medium was 1-5 »g/ml. The results are expressed 
as ng 5-HT/10* platelets (mean + 3.8.) 


5-HT in platelets EDTA Citrate 
Before incubation 51+ 9-55 46+ 10-8 
After incubation 2124 27-7 454+ 85 
5-HT taken up by 161 +-21-9 408 + 83°5 
latelets 
o. of expts. 7 7 


The value of P for the difference in uptake lies between 0-02 and 0-01. 


. Effects of cyanide and iodoacetate 

The cellophane tube method was used to observe the effects of sodium 
cyanide and sodium mono-iodoacetate on the uptake of 5-HT by platelets, 
because the effects became demonstrable only after a considerable time. 
The pH of the inhibitor solutions was adjusted to 7-0-7-3; each substance was 
added to plasma and to the Krebs’s solution at the same concentration. 
Figure 7 shows that at a concentration of 5 x 10-?m both substances brought 
about small reductions in the uptake after 45 min; but after 90 and 180 min 
cyanide had practically no effect, whereas iodoacetate reduced the uptake 
more after 90 min and nearly abolished it after 180 min. In this time neither 
substance brought about any significant alteration in the number or morphology 


of the platelets. In lower concentrations these substances had no significant 
effect on the uptake of 5-HT. 


PART II. The rate of uptake and the exchangeability of 5-HT in platelets 


In the experiments now to be described we measured the initial rate of 
uptake of 5-HT by platelets, and the rate and extent to which 5-HT in plate- 
lets is exchangeable with 5-HT in the medium. In these experiments the 
cellophane tube method was abandoned to avoid the diffusional delay associ- 
ated with it; and we measured the rates in which we were interested directly 
by adding 5-HT to platelet-rich plasma, which was incubated in open centri- 

uge tubes made of cellulose acetate. 
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Relation between the concentration of 5-HT in the medium and the 
initial rate of uptake | 

The initial rate of uptake of 5-HT by platelets was determined with different 
concentrations of 5-HT in the plasma. Platelets rapidly clear plasma of 5-HT 
when the concentration is low. To prevent the rate of uptake being limited 
by this, few platelets and short periods of incubation were used. In one experi- 
ment, platelet-rich plasma was diluted with plasma free from platelets until 
it contained only 0-67 x 10° platelets/ml. Samples were incubated for 6 min 
with different concentrations of 5-HT labelled with “C. The platelets were spun 
down and analysed for radioactive 5-HT. Under these conditions the platelets 
took up only 20% of the lowest concentration of 5-HT used, i.e. 0-1 ug/ml. 
500 r 
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Incubation time (min) 

Fig. 7. Uptake of 5-HT by platelets, using the cellophane tube method (open columns); in the 
presence of 5 x 10-*m sodium cyanide (shaded columns); and in the presence of 5 x 10-*m 
sodium mono-iodoacetate (solid columns). 

The concentration of radioactive 5-HT found in platelets after 6 min 
(C,) was taken as a measure of the initial rate of uptake. When this was plotted 
against the concentration of 5-HT in the plasma (C,) a curve was obtained 
which followed the Michaelis—Menten equation. This suggested that the rate 
of uptake was limited by a component of the platelets which became increas- 
ingly saturated with 5-HT as the concentration of 5-HT in the medium was 
raised. By plotting C,/C, against C, according to the method of Lineweaver & 
Burk (1934), the straight line shown in Fig. 8 was obtained. Using this it was 
calculated that the concentration of 5-HT in the plasma producing half the 
maximal rate of uptake was 0-053 pg/ml. 


Exchange of 5-HT in platelets with 5-HT in the medium 
Using 5-HT labelled with “C, Udenfriend & Weissbach (1954) showed that in 
living animals the same molecules of 5-HT remain in a platelet for the whole 
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of the time during which the platelet exists in the circulation. This indicates 
that in vivo 5-HT in platelets does not exchange, either because it is “bound’ 
so firmly that it is unable to do so or because the concentration of 5-HT in 
plasma is so low that_an exchange cannot be demonstrated. 

The following experiment was made to decide between these alternatives. 
Two samples of platelet-rich plasma were incubated at 37° C, one without and 
the other with non-radioactive 5-HT 5 yg/ml. After 90 min radioactive 5-HT 
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Fig. 8. Relation between the concentration of 5-HT in platelet-rich plasma (C,) and the initial 
rate of uptake of 5-HT by platelets. The initial rate of uptake is taken as the increase in the 
concentration of 5-HT found in the platelets (C,) after incubati®n at 37°C for 6 min. In 
the figure, C, is plotted against C,/,. 


5 ug/ml. was added to both samples and incubation was continued. At 
different intervals samples of platelets were analysed for total and radioactive 
5-HT. The results are shown in Fig. 9. 

When platelets saturated with non-radioactive 5-HT were exposed to 
radioactive 5-HT they became increasingly radioactive, although their con- 
tent of 5-HT remained constant. This showed that 5-HT in platelets was 
capable of exchanging with 5-HT in the medium. The rate of exchange was a 
little slower than the initial rate of uptake; but platelets pre-incubated with- 
out 5-HT took up amine added after 90 min as rapidly as at the beginning. 
Hence the slower rate of exchange was not due to deterioration of the plate- 
lets, unless the deterioration was brought about by the presence of 5-HT 
itself. In another experiment of this kind the rate of exchange was almost 
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exactly the same as the rate of uptake at the beginning. In both experiments 
the specific activity of 5-HT in the platelets approached that of 5-HT in the 
plasma after about. 2 hr, showing that all 5-HT in platelets was exchangeable. 
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Fig. 9. Exchange of non-radioactive for radioactive 5-HT in platelets. Two samples of platelet- 
rich plasma were incubated at 37° C, one without and the other with non-radioactive 5-HT 
5 ug/ml. After 90 min, radioactive 5-HT 5 ug/ml. was added to both samples and incubation 
was continued. Platelets separated by centrifugation were analysed for radioactive 5-HT by 
4C counting and for total 5-HT by bioassay. Open columns indicate results of bioassay, solid 
columns those of *C counting. Time of taking platelet samples is shown below the columns. 


DISCUSSION 
Comparison of uptake of 5-HT in vivo and in vitro 
Platelets obtained from the blood of normal people contain only about 
50 ng 5-HT/10® platelets; this is much less than the amounts of 5-HT which 


these platelets accumulated in vitro. It seems, therefore, that in vivo platelets 


never accumulate as much 5-HT as it is possible for them to do. One reason 
for this may be that the rate of uptake of 5-HT by platelets depends on the 
concentration of 5-HT in the plasma in which they are suspended; with low 
concentrations the rate is very low. 

In vitro the maximum rate of uptake is reached when the concentration of 
5-HT in the medium is greater than about 0-5 ug/ml. It seems that in the 
living animal platelets take up 5-HT as they pass through the capillaries of 
the intestine (Toh, 1954; Biilbring & Lin, 1958). In man the concentration of 
5-HT in these capillaries is unknown; in the dog the plasma of the portal 
blood contains at most 0-006 pg/ml. (Toh, 1954). In vivo, therefore, platelets 
probably never come across concentrations of 5-HT approaching those which 
bring about maximal rates of accumulation in vitro. There is no reason to 
suppose that the relation between the concentration of 5-HT in plasma and 
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the rate of its uptake by platelets is different in vivo from what it is in vitro; and 
observations on rats made by Erspamer (1956) suggest that the uptake of 
5-HT by platelets is just as slow in vivo as it is in vitro. Human platelets 
survive for about 8-9 days in the circulation (Leeksma & Cohen, 1955) and 
the fraction of this time which they spend in the intestinal capillaries may not 
be long enough for them to become saturated with 5-HT. 


Slowness of the uptake of 5-HT by platelets 

Even at its maximum rate the uptake of 5-HT by platelets is very slow 
when compared with the rate at which inorganic cations or amino acids are 
accumulated by other mammalian cells under comparable conditions. For 
example, the time taken for platelets to become half saturated with 5-HT was 
30-60 min; the corresponding time for the uptake of glycine by Ehrlich 
ascites tumour of the mouse is less than 3 min (Heinz, 1954). To calculate the 
rate of uptake of 5-HT in absolute terms, it may be assumed that the shape of 
the normal platelet is approximately that of a thin disk with a radius of 1-5-2 
and a volume of about 10y* (Bessis, 1956). Then the maximum rate of influx 
of 5-HT at 37°C works out at about 0-04 pmole/sec. cm? platelet surface. This 
value may be compared with the following fluxes at 37°C (in pmole/sec. cm? 
cell surface): K influx in human platelets, 0-68—1-13 (own unpublished results) ; 
K influx in erythrocytes, about 0-5 (calculated from Maizels, 1954) and gly- 
cine influx into ascites tumour, about 16 (calculated from Heinz, 1954). 


The mechanism of the uptake of 5-HT 


Hardisty & Stacey (1955) showed that the rate of uptake depends markedly 
upon the temperature and that the temperature coefficient between 25 and 
37° C is higher than that for free diffusion. Our experiments on the rates of 
uptake of 5-HT by platelets showed that the initial rate is related to the con- 
centration of 5-HT in plasma by the Michaelis-Menten equation. This suggests 
that 5-HT is taken up in combination with a constituent of the platelets which 
becomes increasingly saturated with 5-HT as the concentration in the medium 
is increased. 

The observations indicate that 5-HT does not enter platelets by simple 
diffusion but in combination with a constituent of the platelets acting as a 
‘carrier’. This transport presumably needs energy supplied by the metabolism 
of the platelets, since it is inhibited by cyanide and by iodoacetate in con- 
centrations which do not affect the morphological integrity of the platelets. 


Reason for measuring uptake with the cellophane tube method 
We measured the initial rates at which platelets took up 5-HT simply by 
adding 5-HT to plasma in which the platelets were suspended. These experi- 
ments did not last long enough for the 5-HT concentration in the plasma to be 
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reduced significantly or for the condition of the plasma to alter noticeably. 
In experiments made to determine the maximum amount of 5-HT which 
platelets were capable of taking up they had to be incubated for several hours. 
We found that previous methods used to study this problem resulted in plate- 
lets taking up less 5-HT than they could. The capacity of platelets to take up 
5-HT is limited in some way; what this is can only be discovered when the 
experimental conditions do not themselves limi€ the uptake. We therefore 
developed the new method which has been described. Before discussing the 
results obtained with this method it will be useful to compare it with older 
methods. 
Comparison of methods used for measuring uptake in vitro 

Zucker & Borrelli (1956) and Weissbach et al. (1958) centrifuged platelet- 
rich plasma and resuspended the sedimented platelets in saline solutions which 
were then incubated with added 5-HT. Zucker & Borrelli found that only 
four out of nine samples of dog platelets and no human platelets treated in 
this way took up 5-HT. From Fig. 1 and Table 5 in the paper of Weissbach 
et al. (1958) one can calculate that the concentration of 5-HT in the platelets 
rose to only about twice that of the solution in which they were suspended. 
However, the concentration in the solution was so high that the calculation 
gives no indication of the ability of the platelets to concentrate 5-HT. In 
agreement with Stacey (1958), we found that it was impossible to resuspend 
platelets evenly in saline after they had been centrifuged, and that washing 
platelets in saline either destroyed them or reduced their ability to retain 
5-HT. 

Another method was used by Hardisty & Stacey (1955) and by Zucker & 
Borrelli (1956). Blood was centrifuged to sediment the red cells and the plate- 
lets were left suspended in plasma. When the plasma was incubated at 37° C 
and 5-HT was added it was taken up by the platelets. However, plasma 
exposed to the air during incubation becomes increasingly alkaline, presum- 
ably because it loses CO,. 

The cellophane tube method described in this paper was designed to main- 
tain platelets in plasma under more constant conditions. This applied only in 
so far as the composition of Krebs’s bicarbonate solution resembles human 
plasma. Clearly, substances present in plasma but not present in Krebs’s 
solution and able to diffuse through cellophane were greatly diluted in the 
plasma. Whether this affected the survival or the behaviour of platelets was 
not investigated. The cellophane tube method permitted the continuous 
access of oxygen and glucose to the platelets and the continuous dilution of 
waste products; it maintained the pH of the plasma constant for periods of at 
least 6 hr; and the platelets remained in contact with almost the same con- 
centration of plasma proteins as in the blood. 

A grossly unphysiological condition was the presence of an anticoagulant in 
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high concentration. That the kind of substance used may have an effect on 
platelets. was shown by the observation that in the presence of citrate plate- 
lets took up more than twice as much 5-HT as they did in the presence of 
EDTA. The reason for this difference was not discovered. In the presence of 
citrate the maximum uptake of 5-HT was, on the average, 2-6 times greater 
with the cellophane tube method than with the older method (Hardisty & 
Stacey, 1955) and the concentration gradient against which platelets accumu- 
lated 5-HT was also several times greater. 


Comparison of wptake capacity in vivo and in vitro 

The following considerations suggest that under the conditions of our 
experiments platelets accumulated 5-HT to the limit of their capacity. In 
vivo the highest concentrations of 5-HT in human platelets are found in 
patients with carcinoid tumours, i.e. up to 340 ng/10* platelets (Snow et al. 
1955). In vitro, with our method, platelets accumulated up to 1050 ng/10* 
platelets. Furthermore, results obtained by Weissbach et al. (1958) show that 
when large amounts of 5-HT are infused into a dog the highest concentration 
found in circulating platelets is about 1200 ng/10* platelets; this is about the 
same as the highest concentration found in human platelets in vitro. 


Variability in the capacity of platelets to take wp 5-HT 

Platelets freshly isolated from healthy people differ greatly in their content 
of 5-HT; some samples contain up to nine times more than others. The maxi- 
mum amount of 5-HT which different samples of platelets can take up also 
varies, the range being about fivefold. Although with the cellophane tube 
method platelets took up, in the mean, 2-5 times more 5-HT than with the 
older method, the variation in maximum uptake was similar. This suggests 
that the cellophane tube method allowed the platelets to make better use of 
their uptake capacity but that the capacity varied in different samples of 


platelets. 
Uptake capacity 

What determines the amount of 5-HT that platelets can take up? One 
possibility is that as platelets accumulate 5-HT the amine leaks back into the 
plasma at an increasing rate, until a steady state is established in which the 
rate of this diffusion down the gradient of concentration is equal to the rate 
of uptake. Steady states of this kind determine, for example, the intracellular 
accumulation of certain amino acids (Heinz, 1957) and of the potassium ion 
(Hodgkin, 1951). Such an explanation presupposes that at least a part of the 
5-HT in platelets is free in solution. We do not know whether this is so. The 
following considerations suggest, however, that the amount of 5-HT which 


platelets can take up is not determined solely by such a simple dynamic 
equilibrium. 
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Amino acids, such as glycine, and potassium ions are accumulated by 
mammalian cells until the intracellular concentration is about twenty times 
greater than the extracellular concentration. 5-HT is accumulated by plate- 


‘lets against concentration gradients of up to a thousand to one. Furthermore, 


the same molecules of 5-HT are retained by platelets as long as they survive 
in circulating plasma (Udenfriend & Weissbach, 1954) which does not contain 
5-HT in measurable concentrations. In vitro, too, platelets can retain for at 
least 6 hr all the 5-HT which they have taken up, and they are able to clear 
plasma completely of 5-HT. | 

These observations make it unlikely that the uptake capacity is limited by 
the rate at which 5-HT leaks out of platelets. It seems more likely that the 
capacity depends on the concentration of something in platelets which has a 
high affinity for 5-HT and to which 5-HT attaches itself after it has moved 
into the platelets. The suggestion has been made that the uptake capacity 
depends upon the concentration of ATP in platelets and that 5-HT might 
form a chemical complex with ATP (Born, 19585), similar to the complex 
which the catechol amines are believed to form with ATP in intracellular 
granules of the adrenal medulla (Blaschko, Born, D’Iorio & Eade, 1956; 
Hillarp, 1958). This suggestion was based on the observations that platelets 
contain extraordinarily high concentrations of ATP (Born, 1956); that the 
amount of 5-HT which different samples of platelets are able to take up is 
proportional to the amount of ATP which they contain (Born, Ingram & 
Stacey, 1958); and that, under the best conditions so far devised, platelets 
can be made to contain 1-2 molecules of 5-HT for each molecule of ATP (Born 
& Gillson, 1957). Moreover, platelets present in plasma during clotting rapidly 
release 5-HT into the serum and at the same time the greater part of their 
ATP disappears (Born, 1958<). 

These results suggest that platelets contain a cationic exchange system with a 
high affinity for 5-HT, and that the negative charges of the system are pro- 
vided by ATP. The intracellular association of 5-HT with a cation exchange 
system is also compatible with the observation that 5-HT in platelets can 
exchange completely with 5-HT in the plasma in which they are suspended. 

The accumulation of 5-HT on a cation exchange system should be accom- 
panied by the displacement from platelets of an equivalent amount of one or 
more other cations. Work with cells capable of accumulating dibasic amino 
acids has suggested that K might be displaced in this way (Christensen, Riggs, 
Fischer & Palatine, 1952). The concentration of K in platelets was determined 
before and after they had accumulated the maximum amount of 5-HT, but 
no significant difference was found. Calculation showed that no more than 
3-4°% of platelet K could be expected to be displaced. Since this was also the 
size of the experimental error the possibility that K is displaced from plate- 
lets when 5-HT is taken up was not excluded. 
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A working hypothesis which explains all the results so far obtained is that 
platelets accumulate 5-HT by an active process and that they retain it in ionic 
combination with ATP. If the immediate source of energy needed for the 
active process is also ATP it would provide a link between uptake and 
retention. 

SUMMARY 

1. A method is described which allows platelets suspended in plasma to 
take up 5-hydroxytryptamine in vitro against concentration gradients of up to 
one thousand to one. Platelets can be made to contain two to three times 
more 5-hydroxytryptamine than the amounts found in the platelets of patients 
with carcinoid tumours. 

2. Platelets take up more 5-hydroxytryptamine when the anticoagulant in 
the plasma is sodium citrate than when it is sodium ethylene diamine 
tetraacetate. 

3. At 37°C platelets continue to take up 5-hydroxytryptamine from plasma 
for 90-180 min. 

4. The rate of uptake increases with increasing concentration of 5-hydroxy- 
tryptamine in the plasma up to concentrations of about 0-5 wg/ml. The rela- 
tion between the initial rate of uptake and the external concentration of 
5-hydroxytryptamine can be described by the Michaelis-Menten equation. 

5. 5-Hydroxytryptamine present in platelets can exchange completely 
with 5-hydroxytryptamine in the plasma in which the platelets are suspended, 
and the rate of exchange is the same as the rate at which platelets take up 
5-hydroxytryptamine. 

6. Sodium cyanide and sodium mono-iodoacetate (5 x 10-*m) decrease the 
rate of uptake, although neither substance increases the rate at which platelets 
disintegrate. 

7. The result suggest that platelets take up 5-hydroxytryptamine by an 
active process. 
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TRANSMISSION OF VISUAL RESPONSES IN THE NERVOUS 
SYSTEM OF THE LOCUST 


By E. T. BURTT anv W. T. CATTON 
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University of Durham, Newcastle upon Tyne 1 


(Received 21 October 1958) 


When light falls on the compound eye, nerve impulses can be recorded from 
the thoracic nerve cord of the locust, and from the optic lobes of the locust 
and other insects. The impulses in the nerve cord have been used to inves- 
tigate the sensitivity to movement of objects in the visual field (Burtt & 
Catton, 1954), and the electrical events in the optic lobe have been related to 
its morphology (Burtt & Catton, 1956). The present work is a study of the 
timing of these latter events. The time interval over the whole pathway has 
been measured, and an attempt made to time the events at different points in 
the visual pathway. 
METHODS 

Adult female Locusta migratoria migratorioides R. & F. were used. The general technique has been 
described (Burtt & Catton, 1956); special features of the present work will be mentioned here. 
Three types of experiment were performed. 

(1) Light flash stimulation. One compound eye was exposed to brief flashes of light, the opposite 
eye and the ocelli being occluded. Two different sources were used. The first was a Ferranti 
‘Crater’ lamp, Type GMC6 (a gas-filled discharge lamp giving a line spectrum with strong green 
and weaker red and blue lines). It was fed from a constant voltage, and arranged to give either 
short flashes, duration 1 msec, or continuous illumination. A lens system was used to focus light 
on the eye; the illumination at the corneal surface was estimated at 20,000 lux, and the source 
appeared moderately bright to the human eye as viewed in the experimental room, lit only by 
artificial light. The second source was a Johnson ‘Synchrolite’ 65 Joule electronic photoflash. The 
flash duration was about 2 msec; it was used at a fixed distance of 30 cm, and the illumination 
at the corneal surface was about 400,000 lux. This source gave a continuous spectrum; it appeared 
blue and of blinding intensity when viewed directly by the human eye; no focusing system was 
used. 

Spike responses were recorded from the optic lobe (Text-fig. 1 0.1.) with a glass-shielded micro- 
electrode of tip diameter 20 », and from the thoracic nerve cord (Text-fig. 1, t.n.c.) with a silver 
wire electrode. Separate indifferent electrodes were used for the two sites of recording (Text- 


fig. 2). Response latencies were measured from the electrical artifact due to the gas discharge. 


Time intervals could be measured with an accuracy of +2 msec, using the oscillograph camera 
with a paper speed of 24 cm/sec and a 500 c/s time trace. 

(2) Electrical pulse stimulation. Pulses of about 1 msec duration were applied to the optic lobe 
micro-electrode through a radio-link coupling unit (Schmitt & Dubbert, 1949) to reduce the 
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stimulus artifact, and the resulting spike discharges in the nerve cord were viewed on the oscil- 
lograph, the time base being synchronized with the stimuli. Response latencies were measured 
with an accuracy of +1 msec, using the calibrated X-shift control. In a few experiments stimuli 
were applied, to the cireumoesophageal connectives (Text-fig. 1, c.oes.c.) at their point of emergence 
from the brain, whilst recording from the nerve cord. In other experiments the frontal cuticle 
was removed and the electrode was inserted into the optic lobe from in front. 


‘Text-fig. 1. Diagram of the central nervous system of a locust. The dissection is taken as tur 
posteriorly as the third thoracic ganglion. c.oes.c., ciroum-oesophageal connective; o.1., optic 
lobe; p.c., protocerebrum (‘brain’); t.n.c., thoracic region of ventral nerve cord; th. 1, th. 2, 
th. 3, first, second and third thoracic ganglia. 


(3) Electrical stimulation after injection of nicotine. After insertion of the micro-electrode, about 
0-05 ml. of 1% nicotine hydrogen tartrate solution was injected into the optic lobe through a 
small hole in the cornea, using a fine glass pipette. 

The experiments were performed in an electrically screened room, from which daylight was 
excluded, and having no wall area exposed to the exterior of the building. Thus, although no 
attempt was made to control the room temperature, the properties of the room were such that 
temperature variations covered only a small range, from 18° to 23° C. It seems unlikely that this 
would cause significant errors in the conduction times measured. 
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Histological investigations _ A number of methods for staining nerve fibres were tried, but only 
two gave useful results. These were, first, the Bielschowsky silver technique as described by 
Carleton (1938) with the modifications that fixation was carried out in Bouin's solution instead 
of formol-saline which gave poor fixation with locust nervous tissue, and that sections were 
treated with 10% AgNO, in place of 2-4% before being placed in ammoniacal silver nitrate; 
and secondly, the rapid Golgi technique as described by Carleton. The brain and optic lobe were 
dissected out into Ringer’s solution, freed from attached tissues, and the outer region of the 


To amplifier | To amplifier 


From stimulator 


Text-fig. 2. Schematic diagram of experimental arrangement . F, Ferranti crater lamp; L, lens; 
M, micro-electrode; P, protractor scale; t.n.c., thoracic nerve cord. 


compound eye was separated from the corneal covering. Three days’ immersion in a mixture of 
4 parts of 2-5% potassium dichromate and one part of 1% osmium tetroxide was followed by 
2 days in 0-75 % silver nitrate. Sections were prepared by Peterfi’s celloidin-paraffin technique 
(Pantin, 1946). Here the only modifications concerned the need to have sections as thick as 50 », 
in order to be able to follow the course of individual nerve fibres. 50» sections cut in 52°C 
melting-point wax tended to roll, so a 45° C wax was used. Wax ribbons of sections 50-60 pu thick 
were obtained using a flat-cutting rocking microtome, which allowed more than one advance of the 
ratchet mechanism between cuts. 


Text-fig. 3. Fibre connexions in the optic lobe of Locusta. A, general low-power view of section 
of compound eye and optic lobe. B, a single ommatidium and the optic lobe at higher magni- 
fication, showing typical fibre connexions. C, D, HZ, details of fibre connexions in the three 
synaptic regions (I, II, III) respectively. Golgi method. a, association neurones connected 
with one synaptic region only; c, cornea; c.c., crystalline cone; i.c., inner chiasma; o.c., outer 
chiasma; p.r.f., post-retinal fibres; ¢.f., transverse fibre; r.c., retinula cells. 1-2, neurone 
connecting first to second synaptic region; 2’-1, neurone connecting second to first synaptic 
region ; 2-3, neurone connecting second to third synaptic region; 2~c.n.s., fibre from second 
synaptic region entering optic peduncle; 3-c.n.s., fibre from third region entering optic 
peduncle. 
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Structure of the optic lobe 

An outline of the anatomy of the insect lobe was given in an earlier paper (Burtt & Catton, 
1956). The following account is based on a more detailed histological study of the optic lobe of 
Locusta, Classical studies of insect optic lobe histology are those of Zawarzin (1914) on the 
dragonfly Aeshna, and of Cajal & Sanchez (1915) on the bluebottle fly Calliphora. In general, the 
structure in Locusta agrees well with that described in these species. The main features are the 
three regions of synapses (Text-figs. 3, 9, Pl. 1 (i); I, I, Il), the first and second being connected 
by the fibres of the outer chiasma, the second and third by those of the inner chiasma. The photo- 
receptors (retinula cells of the ommatidia) are arranged radially, and their proximal ends are 
prolonged as the post-retinal fibres (Text-fig. 3, Pl. 1(i); p.r.f.), which pass through a layer of 
pigment and enter the first synaptic region. In the case of Locusta and Aeshna they all appear to 
terminate here, but in Calliphora some of them pass through the first region and terminate in the 
second (Cajal & Sdnchez, 1915). 

The organization of each synaptic region is complex, and cannot be compared with that of any 
known vertebrate ganglionic structure. In these regions are concentrated all the synapses between 
the optic lobe neurones; the neurone somata are situated adjacent to each region, and their 
processes pass inwards to give off lateral arborizations in the region itself. The main process may 
then continue as a chiasmatal fibre and terminate in an arborization in the next synaptic region 
(e.g. Text-fig. 3, 1-2, 2-3). In other cases the neurone is connected with one region only (associa- 
tion neurone, e.g. Text-fig. 3, a). Further, certain of the neurones send their processes in the 
opposite direction, connecting a deep to a more superficial region (e.g. Text-fig. 3, 2’-1). Thus along 
the inner and outer borders of the second synaptic region lie rows of neurone somata; many of 
those in the outer row send out fibres which pass through the second region, giving off lateral 
arborizations and proceed through the inner chiasma to terminate in the third region; many of 
those in the inner row show the opposite behaviour, sending fibres through to the first region ; the 
remainder include the association neurones, whose processes terminate in arborizations in the 
second region only. This arrangement is not typical of the first and third regions, however; in the 
former the neurone somata are situated chiefly on the outer border; in the latter they are situated 
laterally (Text-fig. 3). A special feature of the second region is the presence of fibres which run 
transversely (Text-fig. 3, Pl. 1 (iv), ¢.f.), at right angles to the majority of the traversing fibres; 
these pass into the by-passing tract (2-c.n.s.) whose fibres join the mass of fibres originating from 
the third synaptic region (3-c.n.s.) to enter the optic peduncle. This tract is seenin Pl. 1 (ii), 
although the individual fibres are not well stained Zawarzin (1914) described fibres passing from 
the first synaptic region of the optic lobe of Aeshna direct to the optic peduncle; such fibres have 
not been seen in Locusta. 

It has further been shown (Satija, 1957 a, b) that there are both ipsi- and contralateral pathways 
from the optic lobe to the nerve cord in Locusta. Many of the nerve cord visual fibres, as stated 
above, arise from neurone somata associated with the third synaptic region. Most of these pass 
through the brain to enter the ipsilateral connective, but on each side one large fibre crosses the 
mid line and enters the contralateral connective, where it joins a population of large fibres 
originating from other parts of the brain. 

It would appear from the anatomical arrangement that the visual impulses traversing the optic 


lobe might encounter a maximum of three synapses in their course to the nerve cord, with the 


option of by-passing one of these in the third synaptic region. 


RESULTS 
Kach flash stimulus evoked a discharge of spikes in the optic lobe and the 


nerve cord (Text-fig. 4). Latencies of the responses were measured on the 
records from the flash artifact to the first spike in a response. 
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Text-fig. 4. Records of wave and spike responses to flash stimulation in optic lobe and nerve cord 
of Locusta. (i) Depth 0-9 mm in optic lobe, illumination potential, latency 6 msec; intensity 
400,000 lux; (ii) depth 1-25 mm, illumination potential (attenuated at this depth) followed 
by spike discharge with latency of 22 msec; intensity 400,000 lux; (iii) nerve cord spike 


discharge, latency 45 msec; intensity 20,000 lux; (iv) nerve cord spike discharge, latency 
26 msec; intensity 400,000 lux. S, stimulus artifact. Time, all records, 250 c/s. 
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Latency of response (msec) 
Text-fig. 5. A, Frequency distribution of latency values of optic lobe (broken line) and nerve 
cord (continuous line) spike responses observed in all experiments with 20,000 lux intensity. 
B, Similar diagram for all experiments with 400,000 lux intensity. 
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Time interval between flash stimulus and nerve cord response 

Crater lamp source (20,000 lux). For seventy-five measurements values 
ranged from %5 to 72 msec, mean 53 msec +11 8.p. This scatter of results 
(Text-fig. 5 A) was not related to variations in intensity of the source, which 
was used at a fixed distance and fed from a constant voltage supply. When the 
intensity was reduced by neutral filters, the first indication of a lengthening 
of latency was seen only at an intensity about one-sixth of normal. Also it 
was often difficult to identify with certainty the first spike of a response, 
owing to spontaneous spike activity in the nerve cord or to the presence of a 
large flash artifact, e.g. Text-fig. 4 (iii). Misinterpretations of records from 
these causes probably contribute to the observed scatter. 

Photoflash (400,000 lux). Using this much more powerful source caused a 
marked shortening of latency. Twenty-seven measurements ranged from 21 to 
47 msec, mean 30 msec + 6 s.p. The results showed much less scatter than for 
the weaker source, with a well-marked peak frequency of observation in the 
range 30-35 msec (Text-fig. 5 B). 


Latencies for vpsi- and contralateral pathways 
In view of the histological and experimental evidence for both ipsi- and 
contralateral pathways from optic lobe to nerve cord in Locusta (Satija, 
1957 a, 6), the connectives of the cord were separated so that the latencies in 
the two pathways could be compared. The ipsilateral discharges (Text-fig. 6 i) 
consisted of more numerous and smaller spikes than those in the contralateral 
connective (Text-fig. 6 ii), which Satija has shown receive the single large fibre 


Text-fig. 6. Spike responses, indicated by arrows, in response to movement stimuli presented to 

the left eye of a locust and recorded in (i) left and (ii) right connective of the thoracic nerve 
cord. Retouched. 
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from the optic lobe. A shorter latency might be expected in the contralateral 
connective, due to a higher conduction rate in this large fibre. However, no 
significant difference in latency was found between responses in the two 
connectives. It is shown below that conduction time in the nerve cord fibres 
is only a small fraction (4-10 msec out of 53 msec) of the total time of trans- 
mission of visual impulses. In view of the variability of total transmission 
time, it is unlikely that even large differences in nerve cord conduction time 
would be detected by the type of observation made above. On the other 
hand, the fact that there was no significant difference in latency for the ipsi- 
and contralateral pathways suggests that these pathways share a common path 
in the optic lobe, or else pursue parallel paths having similar latencies. 


Interval between flash stimulus and illumination potential 

The illumination potential of the insect eye (‘ERG’) is the first electrical 
change following photic stimulation. Its onset will be assumed to represent 
the beginning of photoreceptor activation. Measurements were made from 
the flash artifact to the first deflexion of the trace (Text-fig. 4 (i)). 

(a) Intensity 20,000 lux. Seven measurements gave a mean of 15-5 msec + 
1s.p., the electrode tip being superficial (depth 0-1-0-2 mm). (6) Intensity 
400,000 lux. Fourteen measurements gave a mean of 6 msec+1s8.D. at 
superficial depths. 

Interval between flash stimulus and optic lobe spike responses 

Measurements were made with the electrode tip at a depth giving maximum 
response to movement stimulation (i.e. second synaptic region, depth 1-15- 
1-60 mm, mean 1-30 mm). At this depth the illumination potential was still 
present, and the spike discharge often began before the base line was back 
to normal (Text-fig. 4 (ii)). This sometimes caused difficulty in identifying 
the first spike of a discharge on which latency measurement was based. A 
further source of confusion was the presence of a background of spontaneous - 
spike activity, characteristic of the second synaptic region. In some experi- 
ments where the crater lamp was used the flash artifact was large enough to 
make interpretation difficult. Misinterpretations arising from these causes 
no doubt contribute to the wide scatter of the results, especially with the low 
intensity source. 

Intensity 20,000 lux: forty-nine measurements gave a mean of 34 +12 s.D. 
Values ranged from 10 to 60 msec, but most fell between 25 and 40 msec 
(Text-fig. 5A). Intensity 400,000 lux: twelve measurements gave a mean of 
26 msec + 5 s.p. The scatter was much less than for the weaker source, values 
ranging from 24 to 38 msec (Text-fig. 5 B). 
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Spike responses in other regions of the optic lobe 
Spike responses could often be detected aurally in other parts of the optic 
lobe but the spikes were too small (compared to the noise level of the amplifier) 
to allow their latency to be measured accurately. 


Timing of impulse transmission through the optic lobe 

The above data allow one to estimate the timing of events in the optic lobe 
following a flash stimulus. Thus the difference between the latency of the 
spike response in the optic lobe (second synaptic region) and the latency of 
the spike response in the nerve cord gives a time for transmission from the 
second synaptic region to the nerve cord. First, with the 20,000 lux source 
the latencies were: nerve cord 53+11 msec, optic lobe 34+12 msec s.p., 
giving a difference of means 19 + 2 msec s.&. This difference is highly significant 
(t= 9-5, P = 0-001) and also is an approximate value for conduction time 
from the second synaptic region to the nerve cord, including delay across the 
third synaptic region of the optic lobe. By subtracting from this value of 
19 msec the 4-10 msec required for conduction in the nerve cord fibres 
themselves (p. 505) we get a delay in the third synaptic region of the optic 
lobe of from 9 to 15 msec. 

The results using the 400,000 lux source were: nerve cord 30 +6 s.D., optic 
lobe latency 26 msec+5s.p., difference of means 4 msec+28.E. (t = 2-0, 
P = 0-05). There is an indication that here also the nerve cord latency is 
larger than that for the optic lobe but only by an amount in this case com- 
parable to the conduction time in the nerve cord fibres (i.e. 4-10 msec). At 
high intensity the latencies of both optic lobe and nerve cord responses are 
reduced, the latter more than the former, and the difference between them is 
reduced also. This effect could be explained by supposing that at high intensity 
propagation was occurring through a nerve tract passing directly from the 
second synaptic region to the nerve cord, thus eliminating any delay at the 
third synaptic region. Such a tract has been described anatomically (Text- 
fig. 3B, t.f.), and evidence of its functional significance will be given below 
(Text-fig. 12). 

Let us assume that the onset of the illumination potential is the beginning 
of photoreceptor activity; then subtracting the latency of this event from the 
response in the second synaptic region of the optic lobe will give the time of 
transmission from photoreceptors to second synaptic region. At lower intensity 
the latencies were: illumination potential 15-5 msec + 1 s.p. and second synaptic 
region 34 + 12 s.p.; difference 18-5 + 4-5 s.z. At higher intensity the respective 
values were 6 +1, 26-545 with a difference of 20 msec +1-5 We have two 
similar values, 18-5 and 20 msec (the difference of 1-5 msec being of very low 
significance) for that part of the visual pathway from photoreceptors to 
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second synaptic region. Thus the effect of intense illumination in shortening 
the latency of the whole visual pathway is not due to reduction of latency in 
this part of the pathway, but rather to a reduction of latency of illumination 
potential and to by-passing of the third synaptic region (see Text-fig. 12 for a 
diagrammatic explanation of these points). 


Text-fig. 7. Single sweep records showing spike responses in the nerve cord of a locust evoked by 
electrical pulse stimulation of the optic lobe. Spikes of latency groups (a), (b) and (d) are 
labelled (see text); records (i) and (ii) before, (iii) and (iv) after the injection of nicotine. 
S, stimulus artifact. Time, 500 c/s. Retouched. 


Electrical stvmulation of the optic lobe 

Spike discharges in the nerve cord were evoked by electrical pulse stimuli 
applied to the micro-electrode in the optic lobe. The pulse duration was 1 msec 
and the repetition rate was kept low to avoid fatiguing the responses. The 
latencies of these responses ranged from 4 to 50 msec, and in any one sweep 
of the trace spikes of several different groups of latencies were seen (Text-fig. 7). 
In the earlier experiments the strength of stimulation was maximal, and a plot 
of the results relating latency to frequency of observation showed that the 
responses fell into two main groups, 4-16 and 24-48 msec, with very few in the 
latency range 16-24 msec (Text-fig. 8). There was a rough correlation between 
latency of response and depth at which it was recorded, such that longer 
latencies were more superficial and shorter latencies deeper. Text-fig. 9 
shows the relationship between latency and site of recording. Excluding the 
non-localizable responses (group d below), the correlation coefficient between 


depth and latency was 0-575 with a probability that the distribution is random — 


of <0-001. 
By reducing the stimulus strength to near threshold much sharper localiza- 


tion of individual responses could be achieved, and it was possible to classify 


the responses into four latency groups. These were, in descending order of 
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latency: group a, range 40-45 msec, mean 43-3 msec; group 6, 28-35 msec, 
mean 32-6 msec; group c, 12-16 msec, mean 14 msec; and group d, 4-10 msec, 
mean 7 msec. Responses in the shortest latency group (d) could not be sharply 
localized; some of these responses could be obtained throughout the depth of 
the optic lobe, with little change in threshold, although the shortest (4-6 msec) 
were only evoked when the electrode tip was deep (about 2mm). Group d 
responses were further distinguished by marked resistance to fatigue under 


“ 


Number of observations 
5 


si 
4 8 12 46 20 24 28 32 0% 4 48 52 
Latency (msec) 
Text-fig. 8. Frequency of observation related to latency of spike response evoked in the nerve 


cord by electrical pulse stimulation of the optic lobe. The early peak includes both (c) and 
(d) groups, the later peaks groups (6) and (a) respectively (see text). 


repetitive stimulation, and in this respect had the characteristics of propaga- 
tion in axones with no intervening synapses. Groups a, b, and c could always 
be distinguished in experiments with near-threshold stimulation, and a and 
_ 6 were further separable by a consistent difference in threshold, a having a 

higher threshold. In contrast, groups c and d often merged into a continuous 
series of spikes, the separate identity of these groups only becoming clear as a 
result of experiments with nicotine (see p. 506). 

In several individual experiments the localization in depth of the longer- 
latency groups was particularly sharp (to within 50) and consistently 
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: | - »Text-fig. 9. (i) Seale diagram of locust optic lobe showing the position of the three synaptic 


regions. (ii) Latencies of nerve cord responses evoked by electrical stimulation of optic lobe 
(ordinate), plotted against depth of point of stimulation (abscissa) for responses localizable 
in depth (©). (iii) As for (ii), but for responses not localizable in depth ( x x). 


C, 
ly 
of 
‘ 
ts 
mm 
| 
10 
x 
— 


504 E. T. BURTT AND W. T. CATTON 


repeatable. If greater value were to be given to these results, a greater 
certainty of the depths of groups a, b and c could be obtained. Text-fig. 10 
shows one such experiment, and three others gave similar results. These more 
critical experiments indicated the following depth—latency correlations: 

group @ responses at a mean depth of 0-45 mm; group b at a mean depth of 


08-5 
3 15 

0 03 G5 O75 10 125 15 175 20 225 25 

mm 
Corneal surface —»> Optic stalk 


Increasing depth 
Text-fig. 10. Diagram relating threshold strength required to evoke a given response in the nerve 
cord to depth of point of stimulation in the optic lobe. Ordinate, stimulus strength in 


arbitrary units; abscissa, depth of electrode tip in optic lobe. Curves are drawn for — of 
latencies indicated by numbers (msec) on each curve. 


0-95 mm; and group c at 1-6 mm. The anatomical features at these depths are 
respectively: the ommatidial layer; the outer border of the second synaptic 
region and the inner chiasma joining the second and third synaptic regions 
of the optic lobe. 

Regarding group d responses, which show a constant threshold at all depths 
(Text-figs. 9, 10). This behaviour could be explained by their being propagated 
in fibre tracts running parallel to the track of the electrode, which by-passed 
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the synaptic regions. This would also account for their short latency and high 
resistance to fatigue. The only such tract found in Locusta is that ranning from 
the second synaptic region to the optic peduncle (Fig. 3 B, t.f.), but this tract 
does not extend far enough distally to account for the observation that the 
threshold of the response remains almost the same throughout the whole 
depth of the optic lobe. This result would be more satisfactorily explained by 
a fibre tract running from more superficial regions. A tract from the first 
synaptic region was described by Zawarzin (1914) in Aeshna, but a similar 
tract has not been found yet in Locusta. 
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Latency of response (msec) 


Text-fig. 11. Maximum following rates of nerve cord spikes in response to repetitive stimulation 
of optic lobe (ordinate) plotted against latency of spike response (abscissa). 


Under repetitive stimulation the longer latency responses fatigued more 
readily than those of shorter latency, as would be expected if the long latency 
were due to the traversing of a succession of synapses. Typically the longest 
latency groups fatigued at rates exceeding about 1/sec, while the shortest 
latency group followed at rates of 50/sec or more. Text-fig. 11 shows the rela- 
tion between maximum steady following rate and latency of response. 

Direct stimulation of the circumoesophageal ,connectives by silver wire 
electrodes at their point of emergence from the brain evoked nerve cord spike 
responses of latencies 4-10 msec. These followed at high rates of stimulation, 
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and were not blocked by nicotine applied to the nerve cord ganglia, It was 
concluded that no synapses occur in the course of the visual fibres after they 
leave the brain. 

As a check on the results from the axial penetration of the optic lobe, a few 
experiments were done in which the micro-electrode was inserted laterally 
into the optic lobe, after removing the frontal cuticle. It was difficult to know 
the exact position of the electrode tip, but in each experiment an attempt was 
made to stimulate either between the first and second synaptic regions or 
between the second and third. At the first site, depth about 0-9 mm, responses 
in the ranges 28-33 and 6-10 msec were obtained, which agrees with the earlier 
results. These two latency groups could be due to excitation of the second 
synaptic region and the by-passing fibres respectively. At the second site 
only responses of 6 and 8 msec able to follow high rates of stimulation were 
seen, suggesting that they were propagated in fibre tracts without intervening 
synapses. As there were no responses in the range 12-16 msec with a low 
resistance to fatigue, it was concluded that there had been failure to excite 
the third synaptic region by itself. 

Stimuli applied to the nerve cord evoked spike responses in the optic lobe 
ranging in latency from 4 to 14 msec and able to follow high rates of stimula- 
tion. It was presumed that here again was propagation in the through fibres 
from the optic lobe but taking place in the opposite direction to the normal. 


Effects of nicotine injected into the optic lobe 

After inserting the micro-electrode into the optic lobe and checking that 
normal responses to stimulation were being obtained in the nerve cord, about 
0-05 ml. nicotine hydrogen tartrate (1°% solution) was injected through a 
small hole in the cornea. After a short delay massive spike discharges were 
recorded in the nerve cord, which persisted for several minutes. When these 
had subsided the injected eye no longer gave nerve cord responses to visual 
stimulation, although the untreated eye still did so. Electrical pulse stimula- 
tion now evoked spikes in the shortest range of latencies only (group (d), 
4-10 msec) which were highly resistant to fatigue (Text-fig. 7). In one experi- 
ment a smaller dose of nicotine was given and additional spikes in the range 
12-16 msec (group (c)) were evoked, but these were abolished by further 
dosage. By this means the separate identities of groups (c) and (d) responses 
were established. It was concluded that group (c) responses traversed at least 
one synapse (most probably in the third synaptic region) but group (d) 
responses were propagated without an intervening synapse. In the dosage 
employed nicotine did not abolish the phenomenon of reversal of illumination 
potential as the electrode tip passes through the first synaptic region (Burtt 
& Catton, 1956), showing that a major component of this potential is inde- 
pendent of nervous activity involving synapses in the optic lobe. 
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Synaptic delays in the optic lobe 

It was shown above that as the stimulating electrode was inserted into the 
optic lobe the latencies of the nerve-cord responses decreased in a stepwise 
manner; from a mean latency of 43-3 msec at depth 0-45 mm to a latency of 
32-6 at 0-95 mm; from latency of 32-6 msec at 0-95 mm to latency of 14 msec at 
1-60 mm; and from latency of 14 msec to latency of 7 msec at points proximal 
to the third synaptic region. The regions across which these steps in latency 
occurred correspond roughly with the three synaptic regions. It follows that 
each latency step includes the synaptic delay at the corresponding region. 
These would be 43-3—32-6 = 10-7 msec at the first region; 32-6—14 = 18-6 
msec at the second region; and 14—7 = 7 msec at the third region. Of these 
delays, most confidence can be put in that for the first region and least in that 
for the third region. In the former case the latency step was accompanied by a 
consistently higher threshold for the longer latency group. In the latter case 
the wide range (4-10 msec) of transmission times in fibres of the final pathway, 
together with the action of the by-passing fibres from the second synaptic 
region, makes this value very approximate. These values must also exceed 
the true synaptic delay by the conduction time in the fibres connecting the 
synaptic regions. Two considerations point to synaptic delay rather than 
conduction time in the fibres as making the main contribution to the delays 
in the optic lobe. First, if fibre conduction time were important, then one 
would expect the nerve cord responses to show a gradual, not a stepwise 
change, as the electrode was inserted. Also, increase of stimulus strength 
would give a progressive shortening of latency due to the fibres being excited 
more centrally in their courses. Neither of these phenomena was seen, beyond 
a slight shortening of latency by increased strength in some cases. Secondly, 
an estimate can be made of the probable conduction time in the connecting 
fibres by assuming a conduction velocity not exceeding 0-1 m/sec (fibre 
diameter about 1 u) and total length about 0-5 mm. This gives about 5 msec 
to be divided between the two chiasmata. From this, and allowing for the 
scatter of the results, the approximate values of 11, 19 and 7 msec are proposed 
for synaptic delays at the first, second and third synaptic regions respectively. 
There are no anatomical grounds for supposing that more than one synaptic 
junction is interposed at each synaptic region, and thus the measured delays 


are due to single synapses. 


Correlation of resulis from flash and electrical stimulation 
Text-fig. 12 attempts to summarize and correlate the results with the two 
types of stimulation but a few further points will now be dealt with. Let us 
take the longest latencies from the two types of stimuli. On the one hand is 


the longest electrically evoked group of latencies (a) of mean 43 msec, which 
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from their depth represent stimulation in or near the ommatidial layer, and 
on the other the flash-nerve cord interval of 53 msec at 20,000 lux which 
(unlike that at 400,000 lux) traverses all three synapses in the optic lobe. The 
difference, 53 less 43, gives 10 msec for an independent estimate of photo- 
receptor delay. It is less than the 15-5 msec at 20,000 lux for onset of illumina- 
tion potential, but of the same order. 


8 - 20,000 Tux 400 400,000 lux pulse 
esponse t msec 
7 

| 


t.n.c. 

Text-fig. 12. Diagram summarizing the observations and deductions made. The numbers 
ropresent the latencies of responses (msec) measured at the sites indicated. Omm., ommatidial 
region ; I, Ii, Ill, the three synaptic regions of the optic lobe; t.n.c., 
nerve cord (broken line represents by-passing tract); X , short-lat 
in depth. 


Referring next to the latencies for nerve cord and optic lobe responses to 
flash stimuli, these were 53 and 34 msec respectively at 20,000 lux and 30 to 
26 msec at 400,000 lux. The two differences 19 msec and 4 msec are the trans- 
mission time from second synaptic region to nerve cord in each case, the much 
shorter second value being due to propagation in the by-passing fibres which 
avoids the third synaptic region. The saving of time by this route, 15 msec, 
is a further estimate of the delay in the third synaptic region. It is markedly 
longer than the 7 msec proposed from the electrical results (p. 507) but the 
latter value is very approximate. 

The time for transmission from second synaptic region to nerve cord at 
20,000 lux is 19 msec, but has no near counterpart in the range of electrical 
responses. Stimulation just superficial to the second region (depth 1-0 mm) 
gave group (b) latencies of mean 32-6 msec, and stimuli applied just deeper 
(1-5 mm) gave group (c) latencies of 14 msec; individual responses of latency 
19 msec were very rarely found at any depth. The difference between the two 
results for the delay from second synaptic region to nerve cord (i.e. 19 + 2 8.E., 
14+ 28.z.) has a significance of 0-05 to 0-01. It suggests a shortening of the 
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time of transmission by electrical compared to photic stimulation. A more 
detailed comparison does not seem justified, but it is clear that the results 
from the two kinds of stimuli can be related to the anatomical structure, while 
the various time intervals are of the same order in each case. 


Nervous activity in the corpora pedunculata evoked by visual stimulation 
The experimental results gave no grounds for believing that any relay 
stations on the visual pathway existed in the brain. However, fibre tracts 
run from the optic lobe into the brain, particularly to the large association 
centres forming the corpora pedunculata (Satija, 19575). In a few experiments 


Text-fig. 13. Electrical activity in left corpus pedunculatum and nerve cord in response to a 
short period of illumination (indicated by bar below record) of the left compound eye. 
Records read continuously; upper trace, recorded by micro-electrode in left corpus peduncu- 
latum; lower trace, recorded from nerve cord. 


the micro-electrode was inserted into the corpora pedunculata from in front 
and visual stimuli were presented. Electrical activity took the form of a fairly 
tapid wave-like rhythm which persisted during the period of illumination 
and for some time afterwards (Text-fig. 13). It was not accompanied by a 
sustained spike discharge in the nerve cord, but small on-and-off spikes appeared 
in both records. The nerve cord spikes were larger and more numerous, and 
had no one-to-one correspondence with those in the corpus pedunculatum. 
The rhythmical wave activity resembles the high-frequency components 
33-2 
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in the human electroencephalogram, and wave-like activity of this nature 
occurs in other neuronal masses, e.g. in the mammalian olfactory lobe. 

These experiments show that activity in response to light occurs in parts 
of the central nervous system of the locust other than the optic lobes and 
nerve cord, but there is no good evidence that the corpus pedunculatum is a 
relay station on the visual pathway. 


DISCUSSION 

The present work makes no direct contribution to the problems of visual 
acuity and perception of movement by the insect eye, studies of which were 
reported in previous papers (Burtt & Catton, 1954, 1956), but has revealed 
more clearly the nervous mechanisms by which the impulses evoked by visual 
stimulation are propagated through the central nervous system. It has thus 
become clear that the optic lobe and nerve cord spike discharges on which the 
earlier studies were based have a more complex origin than was suspected at 
the time. This has not been shown to affect in any way the conclusions drawn 
from the earlier findings. The chief new features described are the existence of 
crossed and uncrossed pathways, the marked shortening of response latencies 
when very intense light is used, and the relatively long synaptic delays in the 
optic lobe synaptic regions. The first two features, demonstrated initially by 
experiment, were subsequently supported by satisfactory anatomical evidence. 
It is of interest that crossed and uncrossed visual pathways, long known to 
be present in the vertebrate visual system, should be found also in the quite 
differently organized nervous system of an insect. The estimated delays at the 
three synaptic regions, 11, 19 and 7 msec respectively, are long as compared 
to central synaptic delays in mammals (about 0-5 msec), but fall in the range 
of delays associated with mammalian autonomic ganglia. Thus in the superior 
cervical ganglion of the cat, measurements taken from recent intracellular 
recordings (Eccles, 1955) give delays of 10-20 msec. 

The latency-shortening effect: of increased stimulus intensity is a well known 
phenomenon in sensory physiology. It is of interest to consider the ways in 
which an increase of intensity could bring about a shortening of the over-all 
visual response latency. Thus the effect might be ascribed to reduced. photo- 
receptor delay, to reduced synaptic delays due to more intense afferent 
bombardment, or to the activation at high intensities of high-threshold short- 
latency pathways which were not carrying impulse traffic at low intensities. 
The problem is moreover not limited to the insect visual system, for the cortical 
responses to visual stimulation in mammals also show a wide variation of 
latency with changes of stimulus strength. Thus light-flash stimuli have been 
reported to evoke responses in the visual cortex of the cat with latencies 
diminishing from 70 to 12 msec as the intensity was increased (Lennox & 
Madson, 1955). In the conger eel it was shown (Adrian & Matthews, 1927) that 
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the latencies of both electroretinogram and optic nerve spike discharge were 
shortened when stimulus intensity was increased, although at the same time 
the interval between these two phenomena tended to remain constant. This 
latter observation may be compared to the constancy at different intensities 
of the interval between illumination potential and spike discharge in the 
second synaptic region in our experiments; the comparison may be extended to 
the anatomy, since in each case a single neurone is interposed, the bipolar cell 
in the vertebrate retina and a neurone in the first synaptic region of the insect 
optic lobe. On the other hand, Wulff & Jahn (1948) recording concurrently 
the ‘retinal response’ (equivalent to our illumination potential) and a ‘nerve 
response’ (recorded from optic lobe or optic ‘nerve’) in the grasshopper 
Melanoplus, found that the latencies of both responses were greatly shortened 
with increase in intensity, but the difference between the response times also 
showed a marked decrease. Comparison with the present results is, however, 
difficult since the ‘nerve response’ which they recorded was a slow wave, not 
a spike discharge, and was a summed response from the whole optic lobe, 
whereas the light flash used was much longer (30 msec) than in our experi- 
ments (+ 2 msec). Values for latency of the ‘retinal response’ were 9-3 msec 
at 100,000 lux and 16-4 msec at 1000 lux, compared with our values of 6 msec 
at 400,000 lux and 15-5 msec at 20,000 lux in the locust, a fairly closely related 
insect. Other values for latency of the illumination potential, either reported 
by or measured from the records of the authors, are as follows: 


Calliphora (Diptera), 8-10 msec (Autrum & Gallwitz, 1951); 
Cecropia (Lepidoptera), 10-20 msec (Jahn & Crescitelli, 1939); 
Sarcophaga and Eristalis (Diptera), 4 msec (Hassenstein, 1957) ; 
Periplaneta (Orthoptera), 15-20 msec (Walther, 1958). 


It is perhaps significant that the one result (Hassenstein) in which a high 
intensity electronic flash was used is much shorter than the rest, which were 
obtained by the use of conventional tungsten-filament lamps. Wulff, Fry 
& Linde (1955) showed that in the dark-adapted eye of Melanoplus the latency 
of the ‘retinal action potential’ was a function of both the intensity and the 
duration for brief exposures. For a fixed duration the latency was inversely 
proportional to the logarithm of intensity over a wide range of intensities. 
Hartline, Wagner & MacNichol (1952) found that in Limulus eye the latency 
of the first spike response in the optic nerve decreased with increased intensity 
of a fixed intensity flash down to a certain ‘critical’ value. Further increase 
in flash duration did not cause any more shortening. 

Clearly, however, variations in photoreceptor delay, formiag only a small 
part of the over-all latency of the flash-evoked responses in the nerve cord, can 
account for only a small part of the wide range of latencies observed and their 
dependence on intensity of stimulation. It is well known that an increased 
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intensity of presynaptic bombardment causes a reduction in the delay at 
central synapses in vertebrates, and it is conceivable that synaptic delays in 
the visual pathway are reduced in like manner. Our results cannot however be 
interpreted in such a way as to provide evidence for or against this supposition. 
Perhaps the most likely explanation of the wide scatter in latencies of the 
nerve cord visual responses is therefore the existence of alternative pathways 
of longer or shorter delay, of which we have shown one example, a tract passing 
directly from the second synaptic region to the optic peduncle. 

Some possible reasons for the variability in the latencies of optic lobe spike 
responses have already been considered, but a further suggestion may be made. 
Hanstrom (1927) distinguished two kinds of retinula cell in the insect omma- 
tidium, having different fibre projections to the underlying synaptic layers. 
These were peripherally placed retinula cells with short connexions to the first 
synaptic layer, and basal retinula cells whose fibres passed to the next deeper 
layer. We have been unable to make such a distinction in the optic lobe of 
Locusta, but should there be such an arrangement it would help to explain the 
wide scatter of latencies of responses in the second synaptic region, in that two 
orders of latency would be associated with the site, due respectively to impulses 
which had or had not incurred delay at the first synaptic region. In this way 
the range of delays would be extended by at least 10 msec. 

It has been a regular feature of all experiments that the number of spikes 
in an optic lobe response exceeds the number in a nerve cord response. Together 
with this is the observation reported previously (Burtt & Catton, 1956) that 
the threshold of visual acuity is lower for the optic lobe than for the nerve 
cord responses as a rule. This implies that information in the form of spike 
responses is ‘lost’ in the optic lobe, or that a form of integration occurs such 
that the information content of the optic lobe response is represented in a 
simplified form in the nerve cord response. 

At the present stage of the analysis it may reasonably be suggested that the 
nerve cord visual fibres can be placed in two categories, those derived from the 
second synaptic region of the optic lobe and having traversed two synapses, 
and those derived from the third region, having traversed three synapses. A 
given behavioural response to visual stimulation could then depend upon the 
relative activities in these groups of fibres as conditioned by the type of 
stimulus. Thus activation of the direct tract from the second synaptic region, 
with associated saving of time in transmission, could subserve an ‘alarm’ 
reaction, whereas propagation through all three synaptic regions would be 
associated with a more thorough appreciation of the visual situation at the cost 
of greater delay in transmission. 
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SUMMARY 


Stimulation of the compound eye of the locust by brief flashes of light 
evokes three types of electrical response; (a) a wave-like ‘illumination poten- 
tial’, (b) spike discharges in the optic lobe and (c) spike discharges in the thoracic 
region of the ventral nerve cord. 

2. The latencies of these responses were measured in order to study the 
mode of transmission of the visual impulses through the optic lobe. 

3. The results depended on the strength of the light flash used. At high 
intensity (400,000 lux) there was a marked shortening of latency in all responses 
compared to those at moderate intensity (20,000 lux). Mean values for the 
three types of response at the two levels of intensity were: flash to onset 
of illumination potential, 15-5 + 1 msec (20,000 lux); 6 + 1 msec (400,000 lux): 
flash to onset of spike discharges in second synaptic region of optic lobe, 
34 +12 msec (20,000 lux); 26+5 msec (400,000 lux): flash to onset of spike 
discharges in thoracic nerve cord, 53+11 msec (20,000 lux); 30+6 msec 
(400,000 lux). 

4. Propagation of the visual impulses from optic lobe to nerve cord is both 
ipsi- and contralateral. The latter pathway includes large fibres of presumed 
high conduction velocity, but the propagation times in the two pathways 
showed no consistent difference. This ts explained by the over-all delay being 
dominated by synaptic delays in the optic lobe. 

5. Electrical pulse stimulation of the optic lobe by means of a micro- 
electrode inserted to various depths evoked spike discharges in the nerve 
cord, which could be classified into four groups in diminishing order of latency. 
Three of these groups each originated at a characteristic depth; but the fourth 
could not be localized in this way. The association between mean latency and 
morphological site of the electrode tip for the first three groups was: responses 
of mean latency 43-3 msec, base of ommatidial zone; mean latency 32-6 msec, 
outer border of second synaptic region; mean latency 14 msec, region of inner 
chiasma. Synaptic delays deduced from these values were approximately 
11 msec for the first synaptic region and 19 msec for the second. The mean 
latency in the fourth group (final pathway fibres) was 7 msec, giving an esti- 
mated delay of 7 msec in the third synaptic region. Nicotine injected into the 
optic lobe abolished all responses except those of shortest latency, which were 
also those more resistant to fatigue under repetitive stimulation. 

6. The results for flash and for electrical stimulation showed fair agree- 
ment. 

7. A histological study of the locust optic lobe showed a general organiza- 
tion similar to that described in other insects. A fibre tract passes directly 
from the second synaptic region to the optic peduncle, by-passing the third 
Synaptic region. 
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8. Experimental evidence suggests that this by-passing tract affords a 
route of shorter latency to the visual impulses at higher intensities of 
illumination. 

The authors are indebted to King’s College (University of Durham) Research Fund for a grant 


for the purchase of an electronic photoflash unit, and to the Anti-Locust Research Centre, London, 
for the supply of some of the locusts used in this work. 
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EXPLANATION OF PLATE 


° Pl. 1. Photomicrographs showing histological features of the optic lobe of Locusta. (i) Optic lobe 
and peduncle in frontal section, Bielschowsky’s silver stain. (ii) By-passing tract (2-c.n.s.) 
arising from second synaptic region (II) and passing alongside third synaptic region (IIT). 
(iii) and (iv), details of second synaptic region, Golgi stain; note that the majority of the 
axons pass across the region in a direction parallel to the long axis of the optic lobe. Some 
however (¢.f. in (iv)) run transversely down the centre of the region, and (not shown in (iv)) 
enter the by-passing tract (2-c.n.s. in (ii)). The neurone somata associated with this tract 
are seen in (i) (c.b.), and a single giant fibre (g.f.) can be seen. 

General key. a, Association neurone connected to one synaptic region only; c.b., cell body 
of by-passing tract fibre; g.f., giant (crossing) fibre; i.c., inner chiasma; o.c., outer chiasma; 
o.p., optic peduncle; p.r.f., post-retinal fibre; ¢.f., transverse fibre; I, II, III, the three 
synaptic regions; 2-3, neurone connecting second to third synaptic region; 2-c.n.s., neurone 
arising from second synaptic region and by-passing the third. Compare with Text-fig. 3. 
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THE IMPORTANCE OF CARDIAC GLYCOGEN FOR THE 
MAINTENANCE OF LIFE IN FOETAL LAMBS 
AND NEW-BORN ANIMALS DURING ANOXIA 


By G. 8. DAWES, JOAN C. MOTT anp HEATHER J. SHELLEY 
From the Nuffield Institute for Medical Research, Unwersity of Oxford 


(Received 21 October 1958) 


It is a matter of common knowledge that foetuses or new-born animals of 
many species are able to survive in the absence of oxygen for a much longer 
period of time than adults of the same species. Thus it is difficult to drown 
new-born kittens and puppies and a foetus may be safely delivered some time 
after the death of its mother. These facts have been repeatedly confirmed 
(Reiss & Haurowitz, 1929; Kabat, 1940; Fazekas, Alexander & Himwich, 1941; 
Glass, Snyder & Webster, 1944) and it has also been established that the 
tolerance of new-born animals of different species to anoxia is inversely related 
to their maturity at birth. It is believed that these very young animals 
survive without oxygen by deriving energy from glycolysis. The difference 
between the new-born and the adult has been attributed by Himwich and his 
colleagues to the greater energy requirement of the brain in the adult (Fazekas 
et al. 1941; Himwich, 1953). These conclusions were based on experiments with 
small animals such as new-born rats, kittens, puppies, rabbits and guinea-pigs. 

It seemed worth while to explore the possibility of using the foetal lamb to 
study these phenomena, in the hope that it would possess the ability to with- 
stand prolonged anoxia at an age and size such that a number of blood samples 
could be withdrawn for biochemical analysis, a procedure which had not so far 
proved practicable with smaller species. There was an additional advantage 
to be expected from using the foetal lamb, in that such studies would not be 
complicated by the various circulatory and metabolic changes which take 
place at birth, and which are not complete for some while thereafter. In the 
event, lambs of 83-91 days gestation age (i.e. just over halfway through 
gestation ; term is about 147 days) proved suitable for this purpose, since they 
mostly weighed 0-5 kg or more, and survived anoxia for 40-60 min. This 
paper describes some of the cardiovascular and biochemical changes which 
ensue when the umbilical cord is tied in foetal lambs which are either too 
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young to expand their lungs or which are prevented from breathing. The 
results suggest that it is the maintenance of the circulation which is of 
predominant importance in survival and that this is related to the carbohyd- 
rate concentration in the heart at the onset of anoxia. This conclusion is also 
supported by observations upon new-born rats, rabbits and guinea-pigs. 


METHODS 
Experimental procedure and animals 

Lambs. Observations were made on four lambs of 59-61 days gestation age, delivered from 
three ewes ; on twenty-seven lambs of 71-91 days gestation age, from fourteen ewes; on two lambs 
of 111 days gestation age, from one ewe; and on thirteen lambs of 121-146 days gestation age, 
from seven ewes. 

The ewe was-laid on her right side and anaesthetized with chloralose 50 mg/kg. The trachea 
was cannulated and a foetus was delivered by Caesarean section through a mid-abdominal in- 
cision. The foetus was kept warm and was left attached to the ewe by the umbilical cord, which 
was 80 arranged that it was under no tension. A catheter was introduced into a carotid artery for 
the withdrawal of blood samples. Blood pressure was measured by a condenser manometer either 
from this same catheter, or, in large lambs, from one inserted into a femoral artery. Heart rate 
was measured by using the pressure pulse to actuate a heart-rate meter (Wyatt, 1956, 1957). 
Mean blood pressure and heart rate were recorded, alternately, at intervals of 6 sec, by a Cambridge 
Instrument Co. Slow Recorder. 

Blood pressure and heart rate were recorded for 10—20 min until we were sure that the foetus was 
in a steady state. Blood samples were then taken into | ml. syringes, the dead space of which was 
filled with a solution containing 0-4% heparin (Boots Pure Drug Co.) and NaF solution 8% (w/v). 
The number of blood samples was limited by the size of the lamb. Thus in very small lambs weigh- 
ing less than 100 g only a single sample was taken initially, and a second one after a prolonged 
period of asphyxia. In mature lambs, weighing 3-4 kg, eight to ten 1 ml. samples were withdrawn 
during an experiment. After taking one or two control blood samples, the umbilical cord was 
tied and further samples were taken at intervals. Finally samples of tissue (100-200 mg) were 
removed as rapidly as possible in the following order: muscle (lateral aspect of thigh), liver, lung 
(apex of left upper lobe), heart (apex of ventricles), cerebral cortex and kidney cortex. Twins were 
used as controls; in these an identical sampling procedure was followed without tying the umbili- 
cal cord. In some experiments foetal urine flow was measured by tying a catheter into the bladder, 
and ligating the urachus; urine was collected into measuring cylinders for 10 min periods. Blood 
samples were also withdrawn from the ewe through a catheter inserted into a forelimb artery and 
passed some distance centrally. 

Sixteen of the ewes were asphyxiated after the foetuses had been removed and the abdominal 
incision sutured. Blood pressure and heart rate were recorded, and arterial blood samples were 
withdrawn at intervals. The ewe was asphyxiated by attaching to its tracheal cannula a collapsible 
rubber bag filled with nitrogen. In some of these experiments an attempt was made to revive 
the ewe, after a period of asphyxia, by artificial ventilation with 100% oxygen. 

Other animals. Observations on other animals were confined to estimating the total carbo- 
hydrate content of the ventricles of the heart in young rats, rabbits and guinea-pigs which had 
been born naturally, the time of birth having been recorded. The animals were decapitated and 
the ventricles were removed immediately for biochemical analysis or histological examination. 


Biochemical and histological methods 
Blood. 0-1 ml, was used for lactate determination (Barker & Summerson, 1941) and 0-25-05 mil. 
_ was deproteinized with NaOH and ZnSO, and the filtrate (dilution 1 in 10) used for determination 
of glucose (Huggett & Nixon, 1957), fructose (Bacon & Bell, 1948) and total ketones (Greenberg 
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& Lester, 1944). Blood pH was determined directly on 0-8 ml. blood at 37° C by means of the 
Stadie electrode system using an E,1.L. pH meter. For the sake of economy, whenever pH was 
measured the same blood sample was used subsequently for the other determinations. 

Urine. Urine glucose, fructose and lactate were all determined on a 1 in 20 dilution of urine 
which had been treated with NaOH and ZnSO, as for blood. 

Tissues. Tissue samples from the foetal lambs were divided into two equal portions. Within 
10-20 sec of removal one portion was placed in McClung’s picric acid-dioxane fix No. 2 (Cowdry, 
1948) and was subsequently stained for glycogen by Best’s carmine method, and the other was 
placed in 1-0 ml. deproteinizing solution (5% trichloroacetic acid containing AgSO, 200 mg/100 m1. 
in a weighed glass receptacle. This was re-weighed immediately, and the tissue was then chopped 
up finely with scissors and homogenized in a Potter-Elvehjem homogenizer. The homogenate 
was diluted to 5 ml. with deproteinizing solution, heated for 15 min in a boiling water-bath, cooled 
and centrifuged. The volume of the supernatant was adjusted to 5 ml. and suitable portions were 
used for the determination of total carbohydrate, i.e. glycogen + glucose + fructose (Mendel, Kemp 
& Myers, 1954; Kemp & Kits van Heijningen, 1954), fructose and lactate. 

The ventricles from the other animals were used either for histological examination or for 
estimation of total carbohydrate, since the amount of tissue available from a single heart was 
often insufficient for both: the heart of a new-born rat weighs less than 20 mg. For some of the 
older animals (e.g. 31-day-old rabbits whose hearts weighed more than 1 g) the total volume of 
deproteinizing reagent used was increased to 10 ml. 


RESULTS 
Cardiovascular changes after tying the umbilical cord 

Lambs of 83-91 days gestation age. When the umbilical cord is firmly tied 
with a piece of string, the O, saturation of the arterial blood falls very rapidly 
to less than 10% and remains at this level for the rest of the experiment. 
Fig. 1 shows the cardiovascular changes in a typical experiment in a lamb of 
91 days gestation age. When the umbilical cord is tied there is an immediate 
rise of blood pressure. After half a minute the blood pressure usually falls 
slightly, and there is then a secondary further rise which reaches a peak 
2-3 min after the cord has been tied. This sequence of events is particularly 
well seen in Fig. 2. The pressure then falls quite rapidly to the pre-asphyxial 
level 8-10 min after tying the cord, by which time the pulse pressure is much 
decreased. For the next 40-50 min the blood pressure shows a further steady 
decline, usually interrupted, as Figs. 1 and 2 show, by minor fluctuations. In 
contrast, when the cord is tied the heart rate falls almost at once, from an 
initial rate of 200 or more beats per minute to less than 100 beats per minute. 
Thereafter it declines more slowly, and the beat is almost always quite regular 
for 30-40 min. When the blood pressure has fallen below 20 mm Hg the heart 
rate may become irregular, and short periods of tachycardia and occasional 
extrasystoles may be seen. 

Although the umbilical vessels at the end of gestation are very sensitive to 
manipulation, they are less so earlier on, The cord may be untied, as Fig. 2 
shows, after a period of total asphyxia as long as 40 min. In this experiment 
the blood pressure, which had fallen below 20mm H en immediately 
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returned towards the initial level, the heart rate rose to exceed the initial rate 
and the O, saturation of the carotid blood increased. About half an hour later 
the ewe, which had been anaesthetized for 24 hr, became restless. The foetus 
began to make regular respiratory efforts and moved its limbs. Thus it had 
survived a period of 40 min total asphyxia without impairment of the mechan- 
isms involved in these activities. Similar observations have been made on 
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Fig. 1. Foetal lamb, 91 days gestation age, 639 g. Records of urine flow (measured over 10 min 
intervals), mean blood pressure and heart rate. The umbilical cord was tied at the arrow. 
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Fig. 2. Foetal lamb, 88 days gestation age, 350 g. Records of mean blood pressure and heart 
rate. The umbilical cord was tied at the first arrow and untied at the second arrow. The figures 


interpolated in the blood pressure record indicate the blood lactate (mg/100 ml.) 
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three other lambs of 86-90 days gestation age. In one of these recovery was 
not maintained, but in the other two the umbilical cord was tied for 20-40 min 
and then untied with successful recovery on two separate occasions in each 
lamb. 

Lambs of other gestational ages. In three lambs of 59-61 days gestation age 
the cardiovascular changes after tying the umbilical cord were followed for 
45-60 min. The initial mean blood pressure before asphyxia was lower than 
that of the previous group of lambs (Fig. 3). On tying the cord the rise of 
pressure was less pronounced and less well maintained. However, half an 


Blood pressure (mm Hg) 
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Fig. 3. Mean blood pressure before and at 5 min intervals after tying the umbilical cord, in ten 
lambs of 85-91 days gestation age (©), three lambs of 59-61 days gestation age (@) and 
seven lambs of 121-146 days gestation age (@). 


hour later the mean blood pressure of the two groups was very similar. This 
might suggest that the younger lambs were better able to endure asphyxia, 
but as they only weighed 60-80 g the number of blood samples that could be 
taken was very limited and no further experiments on lambs of this gestation 
age were undertaken. 

Observations on lambs of 121-127 and of 138-146 days gestation age 
(term is about 147 days) gave results that were very similar, and these results 
have therefore been combined for purposes of description. The initial blood 
pressure was higher than that of younger lambs (Fig. 3). When the cord was 
tied there was an immediate rise of blood pressure sometimes exceeding 20 mm 
Hg. This, however, was of very short duration, so that at the end of 5 min the 
pressure had, on the average, returned vo its initial level, and the rise is there- 
fore not shown in Fig. 3. Ten minutes after tying the cord the mean pressure 


had fallen considerably and by 15 min it was less than 10 mm Hg in every 
lamb. | 
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The changes in heart rate were similar to those in younger lambs, that is to 
say, the rate fell very abruptly when the cord was tied, and r declined 
more slowly. However, in lambs of 121-146 days etn oA rate fell 
below 50 beats per minute within a mean 13 min (range 8-18) of tying the 
cord, as compared with 39 min (range 20-60) in lambs of 83-91 days gestation 
age. In one lamb of 140 days gestation age the cord was untied after 64 min, 
by which time the blood pressure had fallen from 70 to 22 mm Hg; the blood 
pressure and heart rate returned rapidly to normal values, showing that it is 
possible to perform this manceuvre satisfactorily in a lamb near term. 

Adult ewes. Adult ewes were given nitrogen to breathe from a collapsible 
bag attached to the tracheal cannula. The blood pressure rose during the next 
2 min from an initial level of just over 100 mm Hg up to 200 mm Hg or more. 
The heart rate also increased from 120-150 beats/min to about 300 beats/min. 
After an interval, which varied in different sheep from 3} to 6 min, the blood 
pressure started to fall very rapidly. Cardiac pulsations, recorded from a 
catheter introduced into a central artery, were no longer seen after 6-8 min. 
The initial hyperpnoea was very great; the last gasping movement was seen at 
about the time when the blood pressure took its final plunge. 

In eight sheep artificial ventilation with 100% O, was begun after respira- 
tory movements had ceased and after the mean blood pressure had fallen 
below the initial level. In five of these the circulation recovered and spon- 
taneous breathing began. They had been subjected to anoxia of from 4-8 to 
6-8 min duration; in two of them the blood pressure had fallen as low as 75 and 
60 mm Hg before artificial respiration was begun. The other three sheep were 
subjected to 7-7-5 min anoxia, and did not recover, in spite of subsequent 
artificial ventilation with oxygen. 


Changes in the blood, urine and tissues of foetal lambs after tying the 
umbilical cord 7 

Blood. In each of sixteen lambs of 83-146 days gestation age there was a 
rapid fall in blood glucose after tying the umbilical cord. Within 1 min it had 
decreased by 1-4~4-2 mg/100 ml. and by 2-7-13-0 mg/100 ml. at the end of 
5 min. This fall occurred in all the lambs in spite of a wide variation in the 
initial concentration (3-2—-14-0 mg/100 ml. at age 83-91 days, 10-0-11-5 mg/ 
100 ml. at 126-138 days and 25-2-27-0 mg/100 ml. at 140-146 days) which 
could be partly accounted for by a similar wide variation in maternal blood — 

glucose (8-0-47-0 mg/100 ml.); low foetal blood glucose levels usually coincided 
with low maternal levels and high foetal levels with high maternal levels. 
Figure 4 shows the mean foetal blood glucose levels at different intervals of 
time after tying the umbilical cord. In the very young foetuses (83-91 days 
gestation age) the blood glucose remained below 5 mg/100 ml., at 25-50% of 
the initial level, for the rest of the experiment. In the older lambs (126-138 
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days gestation age) there was an increase in blood glucose 10 min after tying 
the cord and after 15 min the mean level was up to 8:2 mg/100 ml., 75%, of the 
initial value. The two oldest lambs (140 and 146 days gestation age) were 
moribund within 10 min of tying the cord and the initial fall in blood glucose 
was not succeeded by a rise. In spite of every precaution these two lambs were 
blue on delivery; the cord was not tied until over half an hour later, by which 
time their colour had greatly improved, but it is possible that their high initial 
blood-glucose level was a consequence of asphyxia during delivery. 


Blood sugar (mg/100 mi.) 
3 


tied Time (min) 


Fig. 4. Mean blood fructose and glucose concentrations before and at intervals after tying the 
umbilical cord in lambs of 83-91 (©), 126-138 (@) and 140-146 (@) days gestation age. 
The figures in brackets indicate the number of lambs in each age group. 


In eight out of thirteen lambs (83-146 days gestation age) there was also a 
fall in the blood-fructose level during the first 5 min after tying the cord. The 
initial foetal fructose level (30-90 mg/100 ml.) also varied with the maternal 
blood glucose but it was always very much higher than either the foetal or 
maternal blood glucose (Fig. 4). Although the blood-fructose level was so 
high, the maximum initial decrease was only 14 mg/100 ml. and in the older 
lambs the blood fructose never fell below 80% of the initial level. In one of the 


"younger lambs, aged 91 days, theré was a further fall in blood fructose 30-60 min _ 


after tying the cord but the level did not fall below 70% of the initial value. 
In three out of four other lambs aged 85-91 days, which had initial blood 
fructose levels of 97-140 mg/100 ml. and are not included in Fig. 4, there was a 
similar late fall in blood fructose to 70-90% of the initial value. 

‘The pH of the blood began to fall within 1 min of tying the umbilical cord in 
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12 lambs, The magnitude of the fall was independent of both the age of the 
foetus and the initial pH of the blood, which was 7-40-7-60 at age 83-91 days, 
7-40-7-54 at 126-138 days and 7-30-7-32 at 140-146 days. This is illustrated 
in Fig. 5, which gives the mean pH values in the three age groups at different 
intervals of time after tying the cord. Fig. 5 also shows that the pH fell 
exponentially throughout the experiment. 

The fall in pH after tying the umbilical cord was accompanied by a rise in 
blood lactate. Although the initial blood lactate concentration tended to be 
higher in the older lambs (15-0-49-6 mg/100 ml. at age 83-91 days, 27-4- 
91-5 mg/100 ml. at 121-138 days and 83-5-91-5 mg/100 ml. at 140-146 days), 
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0 20 40 60 
yeh Time (min) 
Fig. 5. Mean blood pH before and at intervals after tying the umbilical cord in lambs of 83-91 
(QO), 126-138 (@) and 140-146 (@) days gestation age. The figures in brackets indicate the 
number of lambs in each age group. 


the initial rate of lactate accumulation was similar in all three age groups, as 
can be seen from the mean values in Fig. 6. It is probable that all the lambs 
which had an initial lactate level of more than 40 mg/100 ml. (one of twelve 
at age 83-91 days, three out of five at 121-138 days and both of two at 140- 
146 days) had been partially asphyxiated on delivery; the likelihood of this 
occurring increases with age, and temporary spasm of the cord or contraction 


” of the uterus was sometimes observed. In seven adult ewes, where there was 


less risk of accidental asphyxia, the initial blood lactate level (6-8-22-0 mg/ 

100 ml.) was rather lower. When they were given nitrogen to breathe, the 

blood lactate rose in five of these ewes and the rate of accumulation was 

similar to that in the foetal lambs (Fig. 6). In general there was a close inverse 

relationship between the changes in blood lactate concentration and pH and 
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Fig. 6 summarizes the results in the younger lambs in each of which the rate of 
lactate accumulation also became slower towards the end of the experiment. 

The blood total-ketones level in three lambs was less than 2°6 mg acetone/ 
100 ml. and did not change after tying the umbilical cord. 

The changes in blood sugar, pH and lactate were reversed in those experi- 
ments where the lambs recovered on untying the umbilical cord. Thus in one 
lamb, gestation age 140 days, the blood glucose rose from 14-0 to 22-3 mg/ 
100 ml. and the blood fructose from 44 to 49 mg/100 ml. within 3 min of 
untying the cord; in the same lamb, the pH of the blood rose from 6-95 to 
7-03 within 3 min and to 7-20 within 13 min. In another lamb the blood 
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Fig. 6. Mean blood lactate before and at intervals after tying the umbilical cord in lambs of 
83-91 (CO), 126-138 (@) and 140-146((@) days gestation age; and also before and after 
giving adult sheep nitrogen to breathe (@). The figures in brackets indicate the number of 
animals in each age group. 

lactate had fallen from 100 mg/100 ml. 40 min after tying the cord to 51 mg/ 

100 ml. 25 min after untying the cord (Fig. 2). 

Urine. In two lambs of gestation age 91 days, the rate of urine flow fell 
from a resting level of 2-3 ml./10 min to 0-4 and 0-8 ml. in the first 10 min 
after tying the cord and then to less than 0-1 ml./10 min (Fig. 1). No glucose 
was detected in these urine samples, but the fructose levels were very high, 
776 and 552 mg/100 ml. in the two lambs after tying the cord. Although the 
total volume of urine excreted after tying the cord was very small, it 
represented a loss of 5-4 and 5-5 mg fructose, respectively, and assuming that 
at this age the total blood volume is 50-70 ml., this would represent a fall 
in blood fructose of 11-0-7-7 mg/100 ml. Since in other foetuses urine fructose 
levels of up to 2000 mg/100 ml. were observed, it is possible that excretion of 
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fructose in the urine may account for the fall in blood fructose observed 
immediately after tying the cord in the majority of lambs. The urine lactate 
level did not rise above 80 mg/100 ml., so loss of lactate in the urine was 


negligible. 
Tissues. Tissue samples for histological and biochemical examination were 


taken from twenty-three lambs of 83-91 days gestation age and eleven lambs 


of 121-146 days gestation age. In fourteen of the younger lambs and ten of 
the older lambs, samples of muscle, liver, lung, heart ventricle, brain cortex and 
kidney cortex were taken at the same time, either after tying the cord or 
from control lambs where the cord had not been tied. Thus tissue samples 
from control lambs were compared with samples from other lambs after 
varying periods of asphyxia. In four lambs muscle or lung samples were 
taken from the same lamb before and after tying the cord; single observations 
on two or three tissues only were made in the other three lambs. Since the 
results were surprisingly consistent, it has been possible to illustrate them by 
the mean values shown in Figs. 7-10. 
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Fig. 7. Mean tissue total carbohydrate concentration in unasphyxiated lambs and at intervals 
after tying the umbilical cord; lung (O, @), muscle (10, @), liver (A, 4), kidney (@, x) and 
brain (©, @) in lambs of 83-91 and of 121-146 days gestation age. The figures in brackets 
indicate the total number of lambs used in each age group. 


It can be seen from Fig. 7 that in the unasphyxiated controls (time = 0), 
although the brain and kidney carbohydrate levels were similar in all the 
lambs, there were considerable differences in carbohydrate concentration in 
the liver, lungs and skeletal muscle in the two age groups. These differences 


will be discussed in detail elsewhere. Histological examination showed that 
34-2 
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whenever the carbohydrate concentration exceeded 5 mg/g, deposits of glyco- 
gen could be observed; there was good agreement between the amount of 
glycogen and the total carbohydrate concentration up to the highest level 
recorded, 98 mg/g in the liver of a 138 day lamb. The tissue fructose concentra- 
tions never exceeded 2 mg/g (Fig. 8). 

Figure 7 shows that after tying the umbilical cord there were negligible 
changes in the carbohydrate concentration of the lungs, muscle, kidney and 
brain in the two age groups. In the lambs of gestation age 83-91 days the liver 
carbohydrate was also unaffected, but in the older lambs in which the initial 
liver carbohydrate level was almost 10 times that of the younger lambs, 
there was a rapid and significant fall in liver carbohydrate. This had fallen 
by 16-50 mg/g to less than 50° of the control value within 15-25 min of 
tying the cord; histological examination showed corresponding changes in 
liver glycogen. Figure 8 shows small decreases in tissue fructose after tying 
the cord, but since these did not exceed 0-5 mg/g, they are of doubtful 
significance. 
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Fig. 8. Mean tissue fructose concentrations in unasphyxiated lambs and at intervals after tying 
the umbilical cord; lung (©, @), muscle ((), @), liver (A, A), kidney (@, x), brain (}, @) and 
heart (7, w) in lambs of 83-91 and of 121-146 days gestation age. The figures in brackets 
indicate the total number of lambs used in each age group. 


The decrease in liver glycogen and rise in blood glucose after tying the 
umbilical cord of the older lambs suggested that lambs of 121-146 days 
gestation age should be better able to survive asphyxia than lambs aged 
83-91 days which did not mobilize their glycogen reserves. In fact, the reverse 
was true and analysis of samples of cardiac muscle supplied a possible explana- 
tion. Figure 9 shows that there were considerable carbohydrate reserves in 
the hearts of both groups of lambs but that in control lambs of 83-91 days 
gestation age the cardiac carbohydrate concentration was nearly twice that 
in the control lambs of 126-146 days gestation age. Moreover, whereas 15 min 
after tying the umbilical cord the cardiac carbohydrate level was less than 


] 


(7) 
Lung 4.5 — 
(6) 
4 (6) Heart (5) 
) (6) 
(6) Brain 3 0S — 


CARDIAC GLYCOGEN AND ANOXIA 527 


5 mg/g in lambs of the older age group, in the younger lambs it was still 
19-22 mg/g and did not reach 5 mg/g until 60 min after tying the cord. These 
results were confirmed histologically. The results also suggested that the initial 
rate of glycolysis might have been higher in the hearts of the older lambs. This 
suggestion was supported by the rate of lactate accumulation in the heart 
(Fig. 10); the initial rate of lactate accumulation was slightly higher in the 


hearts of lambs of 126-146 days gestation age than in those of the younger 
lambs. 
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Fig. 9. Mean total carbohydrate concentration in the hearts of unasphyxiated lambs and at 
intervals after tying the umbilical cord at 83-91 (©) and 121-146 (@) days gestation age. 
The figures in brackets indicate the total number of lambs used in each age group. 


Figure 10 also shows that the slow rate of lactate accumulation in skeletal 
muscle and the more rapid rates in liver, lungs and kidney cortex were similar 
in the two groups of lambs, but that in the older lambs the rate of accumula- 
tion in the brain cortex was rather faster than in the younger ones. However, 
the most interesting feature of Fig. 10 is that it shows clearly that the rate of 
lactate accumulation in the heart is much greater than that of any other 
tissue, suggesting that the rate of glycolysis in the heart during asphyxia is 
much greater than that of other tissues. The cardiac lactate concentrations in 
83-91 day lambs after 35 and 60 min anoxia were all higher than simultaneous 
values in other tissues. 


Cardiac carbohydrate in other young animals 
The experiments on foetal lambs suggested that the maintenance of life 


after tying the umbilical cord might be related to the carbohydrate content of 
the heart at the onset of anoxia. However, since the carbohydrate content of 
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the heart decreases during anoxia and since there was reason to believe that 
several of the older lambs had been accidentally asphyxiated during delivery, 
it might have been merely fortuitous that the cardiac carbohydrate level in 
the control lambs was lower in the older age group; the length of the survival 
period might have been related to some other factor which had not been 
investigated. For this reason the carbohydrate content of the heart was deter- 
mined in neonatal rats, rabbits and guinea-pigs of different ages. Since these 
animals were breathing spontaneously, the risk of accidental asphyxia was 
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Fig. 10. Mean tissue lactate concentration in unasphyxiated lambs and at intervals after tying 
the umbilical cord; lung (O, @), muscle (C1, @), liver (A, A), kidney (@, x) brain (©, @) 
and heart (7, w) in lambs of 83-91 and 121-146 days gestation age. The figures in brackets 
indicate the total number of lambs used in each age group. 


small and Fazekas et al. (1941) had shown that there are considerable differ- 
ences in the anoxic survival time of the new-born of these species. Thus, at 
24° C, new-born rats continue gasping in nitrogen for 50 min, new-born 
rabbits survive for only 17 min and new-born guinea-pigs for only 7 min. As 
the animals get older there is a progressive decrease in survival time so that 
at 21 days of age rats survive for only 14 min in nitrogen; this survival time 
approximates to that of the adult rat. 

In the present work, analysis of the ventricles showed considerable differ- 
ences in cardiac carbohydrate levels in new-born rats, rabbits and guinea- 
pigs. Thus rats less than 24 hr old (animals from four litters) had a cardiac 
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carbohydrate concentration of 22-31 mg/g (mean 25-2 mg/g), rabbits of this 
age (four litters) had 5-13 mg/g (mean 8-5 mg/g) and new-born guinea-pigs 
(one litter) had only 4-5 mg/g (mean 4-6 mg/g). Moreover, there was a pro- 
gressive decrease in cardiac carbohydrate concentration with age; rats from 
single litters of 2, 3, 6 and 10 days of age had mean cardiac carbohydrate 
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Fig. 11. Total carbohydrate concentration in the cardiac ventricles of rats (OQ), rabbits (@) and 
guinea-pigs (/\) plotted against mean survival time in nitrogen at 24° C (from Fazekas et al. 
1941). The figures above each group of observations indicate the age from birth in days. 


levels of 25, 21, 13 and 6 mg/g, rats from two litters at 4 days of age and three 
litters at 17-21 days had mean values of 17 and 3 mg/g and rabbits 31 days 
of age (three litters) had a mean value of 4 mg/g. In one experiment the hearts 
from six of a litter of rats were analysed on the day of birth and those from 
their litter mates (four rats) when they were 21 days old; the mean cardiac 
carbohydrate concentrations were 25-6 and 3-0 mg/g respectively. These 

differences in carbohydrate concentration at different ages were confirmed by 
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histological examination; the younger the animal, the more glycogen was 
visible in the cardiac muscle fibres. 

In Fig. 11 our data for the carbohydrate concentration in heart ventricles 
have been plotted against the corresponding mean survival time in nitrogen 
at 24° © observed by Fazekas et al. (1941). In spite of the wide variation in 
cardiac carbohydrate level in each species at a given age (this variation occur- 
red within the litter, not merely between individuals from different litters), 
there is an astonishingly close, almost linear, relationship between cardiac 
carbohydrate concentration and survival time. It is possible that the relation- 
ship may be even closer than is suggested by Fig. 11, where there is some over- 
lap, since Fazekas et al. (1941) give mean survival times only for rats, rabbits 
and guinea-pigs, with no indication of the variation between individuals; they 
observed considerable variation in the survival times of new-born puppies. 
Moreover, Kabat (1940) observed survival times of up to 704 min for new-born 
rats in nitrogen, whereas Fazekas et al. (1941) give a mean value of 50 min. 
Preliminary observations in nitrogen at 30° C (Shelley and Weatherall, un- 
published) suggest that there is indeed some variation in survival time between 
litter mates of the same age and that the relationship between cardiac 
carbohydrate and survival time is also observed at this temperature. 


DISCUSSION 
The ability of foetal lambs to survive anoxia 


The results show that foetal lambs of 83-91 days gestation age can survive 
in the absence of oxygen for at least 40 min after tying the umbilical cord. 
When the umbilical cord was untied the heart rate and blood pressure rose 
towards their original pre-anoxic values and half an hour later the lamb could 
make co-ordinated muscular and respiratory movements. Although this does 
not mean that no permanent damage had been done, it suggests that the vital 
organs were still intact. Older lambs of 121-146 days gestation age did not 
survive so well, as judged by changes in blood pressure and heart rate, and it 
was not possible to resuscitate adult ewes after anoxia of 7 min duration. These 
observations confirm, in yet another species, the generalization that very 
young animals are better adapted to withstand anoxia than are adults. They 
also show, in an animal which is relatively mature at birth, that this adapta- 
bility begins to be lost during the latter half of gestation. Therefore its loss is 
not related to the changes which ensue at birth, such as the large increase in 
the oxygen tension of the arterial blood, the alteration in the course of the 
circulation or the metabolic consequences of an independent life.. Nor is it 
to be attributed to a change in the resting oxygen consumption per kilogram 
of the lamb, since this is constant during the latter half of gestation (Acheson, 
Dawes & Mott, 1957; Dawes & Mott, 1959). 
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The importance of glycolysis for survival in anoxia 

It is well known that under anaerobic conditions vertebrate tissues obtain 
energy by converting glucose or glycogen to lactic acid. The injection of 
sodium iodoacetate or fluoride, both of which inhibit enzymes involved in 
glycolysis, reduces the survival time of new-born rats in nitrogen to that of 
the adult (Himwich, Bernstein, Herrlich, Chesler & Fazekas, 1942) and 
reduces the tolerance to low oxygen tensions of adult dogs (Fazekas & Him- 
wich, 1943). The survival time of new-born rats in nitrogen is also reduced in 
insulin hypoglycaemia (Himwich et al. 1942; Himwich, Fazekas & Homburger, 
1943; Hicks, 1953); administration of glucose will protect young rats from 
this effect of insulin and will increase the tolerance to anoxia of normal 8 day 
old rats. 

It had been suggested earlier that the ability of young animals to withstand 
long periods of anoxia was associated with an unusual ability to glycolyse 
anaerobically, which was lost with increasing maturity (Reiss, 1931). This 
conclusion was based on experiments showing that young rats and mice in 
the terminal stages of anoxia contained more lactate per unit weight than 
anoxic adult rats and mice. It is probable that this difference was merely due 
to the younger animals being able to glycolyse anaerobically for a longer 
period of time than the adults since in vitro experiments on tissue slices and 
brei show that the maximum rate of glycolysis of most tissues increases 
rather than decreases with age (Chesler & Himwich, 1944a, 6; Villee, 1953, 
1954) and the present work on foetal lambs is consistent with these observa- 
tions. In spite of the differences in anoxic survival time, the initial rate of 
accumulation of lactic acid and the rate of fall of pH in the blood were similar 
in both groups of lambs and in the adult sheep (Figs. 5 and 6). The tissue 
lactate levels were similar in both groups of control lambs and, where there 
were differences in the rates of carbohydrate loss and lactate accumulation in 
the tissues during asphyxia, the rates were higher in the shorter-lived, older 
lambs (Figs. 7, 8, 10). Thus there was no suggestion that the younger lambs 
could glycolyse more rapidly than the older ones. 

Chesler & Himwich (1944a) attempted to account for the decrease in sur- 
vival time with increasing age in terms of the energy deficit in the brain under 
anaerobic conditions. They argued that since the in vitro rate of oxidative 
metabolism in rat brain increases with age more rapidly than the rate of 
anaerobic glycolysis, the energy deficit sustained in anoxia will also increase 
with age, resulting in a decreased tolerance to anoxia. However, this explana- 
tion is not satisfactory; no increase in aerobic metabolism was observed until 
the rats were 10 days old, whereas the survival time in nitrogen begins to 
decrease within 24 hr of birth (Fazekas et al. 1941) and (at 24° C) has already 
declined from 50 min at birth to less than 10 min at 10 days of age. 
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The availability of carbohydrate in anoxia. The obvious importance of 
glycolysis in anoxia, and the observation that older foetal lambs could glycolyse 
faster than younger ones, suggested that the carbohydrate content of the 
tissues should be measured, since the amount of substrate available might 
determine survival time. Such measurements have been made in the past, but 
no correlation with survival was established (Chesler & Himwich, 1943; 
Ferris & Himwich, 1946; Villee, 1953, 1954). In the present work the total 
carbohydrate content of the tissues was determined, rather than their glycogen 
content, because this gave a truer estimate of the substrate available and 
reduced errors due to glycogenolysis during sampling (the method used in- 
cludes glucose-l-phosphate in the determination). Estimation of tissue 
fructose showed that the control levels in all tissues except brain were rather 
lower in the older lambs, but that the amount present (less than 2 mg/g) and 
the decrease during anoxia (less than 0-5 mg/g) were so small, by comparison 
with changes in total carbohydrate, that fructose is of doubtful importance 
as a source of energy in anoxia when glucose and glycogen are available 
(Figs. 7, 8, 9). 

Although substantial amounts of glycogen were present in the lungs of 
the younger lambs and in the skeletal muscle of both groups of lambs, these 
did not decrease during anoxia, suggesting that the glycolytic activity of these 
tissues in vivo was small and that the carbohydrate could not be mobilized 
for use by other tissues. Similarly, there was no decrease in liver carbohydrate 
during anoxia in the younger lambs, but in the older lambs, where the initial 
liver carbohydrate level was much higher, there was a rapid decrease which was 
more than sufficient to account for the rise in blood glucose in this age group 
(Fig. 4). The decrease in brain and kidney carbohydrate during anoxia was 
small, but there was a rapid decrease in cardiac carbohydrate and in all these 
tissues the level decreased rather more rapidly in the older lambs. Only in 
the brain and heart was there any suggestion that the carbohydrate reserves 
had been exhausted in the terminal stages of anoxia, and it is therefore signi- 
ficant that the cardiac carbohydrate concentration in the younger control 
lambs was almost twice that in the older ones. Observations on the rate of 
lactate accumulation (Fig. 10) confirmed these impressions of the relative 
rates of glycolysis in the different tissues. 

Cardiac carbohydrate and anoxia. Rough calculations of total carbohydrate 
loss and total lactate production, based either on actual organ weights or on 
weights calculated from total body weight (Carlyle, 1948; Wallace, 1948), 
showed not only that all the lactate produced could be accounted for in terms 
of carbohydrate loss, but that a large part of the lactate must have been formed 
from carbohydrate originating in the heart. Thus during the 60 min period 
after tying the umbilical cord of lambs of 85-91 days gestation age the mean 
total lactate production was 181 mg and the mean total carbohydrate loss was 
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179 mg; the mean loss of carbohydrate from the heart was 162 mg, 90% of 
the total loss. During 15 min asphyxia the mean total lactate production in 
lambs of 126-146 days gestation age was 642 mg and the mean total carbo- 
hydrate loss was 878 mg; the mean loss of cardiac carbohydrate was 375 mg, 
43%, of the total loss. In spite of the relatively small size of the heart, these 
results are not surprising when it is remembered that the heart is the only 
tissue doing regular, active, mechanical work in the foetal lamb during 
asphyxia. It is reasonable to assume that the energy requirements of the heart 
is higher per unit weight than that of any other tissue, that during anoxia the 
heart converts its carbohydrate reserves to lactic acid and, since the lactate 
accumulating in the heart is equivalent to only one-tenth of the carbohydrate 
lost from the heart, the lactate diffuses rapidly from the heart into the blood, 
so accounting for a large part of the rise in blood lactate during asphyxia. 

The importance of glycolysis for the maintenance of the heart beat under 
anaerobic conditions has been shown in work on isolated heart and atrial 
preparations (Clark, Eggleton, Eggleton, Gaddie & Stewart, 1938; C. L. 
Evans, 1939). Abnormally low cardiac glycogen levels have been observed in 
various species exposed to anoxic or severely hypoxic conditions (G. Evans, 
1934; Cordier & Dessaux, 1951; Hicks, 1953; Merrick, 1954; Merrick & Meyer, 
1954), and, since circumstances which deplete skeletal muscle glycogen, e.g. 
physical exercise or injection of adrenaline, have no effect on cardiac glyco- 
gen (Evans, 1934) it has already been suggested that it provides an emergency 
reserve for use by the heart in anoxia. 

Analysis of cardiac tissue from new-born rats, rabbits and guinea-pigs 
suggested that in these species, also, the concentration of carbohydrate in the 
heart may be important for survival in anoxia. A linear relationship was 
observed between the cardiac carbohydrate concentration in non-asphyxiated 
individuals and their survival time in nitrogen at 24° C predicted from the data 
of Fazekas et al. 1941 (Fig. 11). It would appear that not only can the sur- 
vival times of individuals of the same species be predicted from knowledge of 
their cardiac carbohydrate reserves, but that the same linear relationship 
may hold for many species. The data from foetal lambs do not fit, but those ex- 
periments were executed at a higher temperature, under anaesthesia, and only 
the tip of the ventricle was taken for analysis. An increase in environmental 
temperature is known to reduce survival time (Reiss, 1931; Adolph, 1948; 
Miller & Miller, 1954), and the method of sampling under anaesthesia would 
lead to a high estimate of cardiac carbohydrate (Evans, 1934; Russell & 
Bloom, 1955; Timiras, Hill, Krum & Lis, 1958; Weisberg & Rodbard, 1958). 
The relationship between cardiac carbohydrate and resistance to anoxia at 
different ages may also apply to man. Villee observed glycogen levels of 
over 20 mg/g in human foetal hearts, and new-born infants have been known 
to survive periods of complete anoxia of up to 30 min (Bullough, 1958); 
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adult man is notoriously susceptible to asphyxia and probably has a much 
lower cardiac glycogen content (Berblinger, 1912). 

Perusal of the literature suggests that many of the differences in resistance 
to anoxia in adult animals may also be related to differences in cardiac 
carbohydrate concentration. Thus, although intravenous glucose administered 
just before exposure to anoxia did not increase the survival time of adult 
rats (Himwich et al. 1943), circumstances which tend to increase the cardiac 
glycogen content, e.g. prolonged pre-treatment with glucose or maintenance 
on a high carbohydrate diet, do increase their resistance to oxygen lack 
_ (Evans, 1934; Britton & Kline, 1945). Evans (1934) has shown that profound 
insulin hypoglycaemia, which is known to reduce survival time in anoxia or 
hypoxia, tends to lower the cardiac glycogen level in adult rats, and Britton 
& Kline (1945) observed not only a reduced tolerance to hypoxia but also 
abnormally low cardiac glycogen levels in rats asphyxiated after adrenal- 
ectomy. Moreover, very high cardiac glycogen levels have been observed in 
many lower vertebrates, which also have a high resistance to anoxia (Clark 
et al. 1938; Davies & Francis, 1941; Wu, Yeh & Chang, 1941; Wu & Chang, 
1947; Cordier & Dessaux, 1951; Merrick, 1954) as compared with adult 
mammals (Cruickshank, 1936; Evans, 1939). Arguing teleologically, it may be 
significant that extensive cardiac glycogen reserves have so far been observed 
only in foetuses, fish, amphibia and reptiles. Many such anitaals live under 
conditions where there is a greater risk of temporary oxygen lack than is 
usually encountered by adult mammals. In this connexion it is of interest 
that rats born and maintained at high altitude had a higher cardiac glycogen 
content than the parent generation born at sea level (Timiras et al. 1958). 

Factors determining survival in anoxia. It remains to establish whether the 
relationship between cardiac carbohydrate concentration and the ability to 
survive anoxia is causal. It seems reasonable to postulate that the differing 
abilities of foetal lambs of different ages to maintain their blood pressure and 
heart rate in the absence of oxygen might be related to their cardiac carbo- 
hydrate reserves, but in the other species the relationship demonstrated was 
between cardiac carbohydrate concentration and the duration of gasping. This 
could be due to a relatively short interval of time between respiratory failure 
and failure of the circulation, as has been shown in dogs and puppies (Swann & 
Brucer, 1951; Swann, Christian & Hamilton, 1954). It is possible that the 
cardiac carbohydrate concentration might be more directly related to the 
time interval between the onset of anoxia and the point of circulatory 
failure. 

We now have to consider whether the maintenance of the circulation is of 
paramount importance in anoxia, or whether there is some other limiting fac- 
tor determining survival, such as the resistance of the brain to lack of oxygen. 
Swann & Brucer (1951) showed that adult dogs resuscitated within 1 min 
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after circulatory failure by cardiac massage in addition to artificial respira- 
tion, recovered completely. But if cardiac massage and artificial respiration 
were delayed for 2-3 min the dogs recovered only partially ; although breathing 
and the circulation were restored, the animals were usually ataxic and blind, 
frequently failed to recover consciousness and usually died within a few 
days. These dogs had evidently sustained permanent damage to the central 
nervous system. This suggested that failure of the circulation occurred in adult 
dogs before the onset of permanent cerebral damage. There is evidence in 
the literature suggesting that in young animals, also, the same is true (Ford, 
1928; Windle & Becker, 1943; Hicks, 1953; Hurder & Sanders, 1953; Cassin 
& Fregley, 1957). In addition Kabat (1940) showed, from experiments in 
which he arrested cerebral blood flow in dogs of different ages, that the ability 
of the- brain to survive such treatment was greater than that of the whole 
animal to survive anoxia. He concluded that the circulation failed before 
the brain was permanently damaged. 

Finally, it must be recognized that the differences between the very young 
and the adult animals are not confined to the carbohydrate reserves of the 
heart. For instance, Kabat (1940) showed conclusively that the brains of 


_ young puppies were much better able to withstand cerebral stasis than those 


of adult dogs, and this is probably a consequence of the low rates of aerobic 
metabolism anid anaerobic glycolysis in puppies’ brains compared with those 
of adult dogs (Chesler & Himwich, 19445). In rats, also, there are definite 
changes in brain composition and metabolism with age but, as emphasized 
by Adolph (1957), these are all too gradual to account for the rapid decrease 
in tolerance to anoxia observed in the first few days after birth. The decrease 
in cardiac carbohydrate with age described in the present work is, to date, 
the only known change which exactly parallels the decrease in tolerance to 
anoxia. This suggests that the maintenance of the circulation is of paramount 
importance ih anoxia. Future work must determine whether controlling 
tissue pH and ensuring an adequate supply of glucose will increase both the 
ability of the heart to maintain the circulation and also the ability of the brain 
to withstand;anoxia. 
3 SUMMARY 

1. The ability of foetal lambs to survive anoxia has been investigated by 
recording the foetal blood pressure and heart rate continuously before and 
after tying thé umbilical cords of lambs delivered by Caesarean section under 
chloralose anaesthesia. 

2. Lambs of 83-91 days gestation age maintained their blood pressure above 
16 mm Hg and their heart rate above 50 per minute for up to 60 minutes 
after tying the umbilical cord; if the cord was untied within 40 minutes, the 
blood pressure and heart rate returned to their pre-anoxic levels. Older 
lambs, 126-146 days gestation age, maintained their blood pressure and heart 
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rate for only 10-15 minutes after tying the cord. Adult sheep rebreathing 
nitrogen did not survive for more than 7 minutes. | 

3. The rates of anaerobic glycolysis in foetal lambs were compared by 
measuring the blood and tissue lactate and carbohydrate levels in unasphyxi- 
ated control lambs and in other lambs at various intervals of time after tying 
the umbilical cord. The initial rates of glycolysis in the tissues of the older lambs 
were either equal to or greater than those in the younger lambs. There was a 
correlation between survival time and the initial cardiac carbohydrate con- 
centration in the lambs of each age group. 

4. The cardiac carbohydrate concentration has been measured in unasphyxi- 
ated new-born rats, rabbits and guinea-pigs of different ages; there was a 
linear relationship between cardiac carbohydrate concentration and the pre- 
dicted time of survival in 100% nitrogen. 

5. These results have been discussed with reference to previous hypotheses 
as to the ability of very young animals to survive anoxia longer than adults. 
It was concluded that the maintenance of the circulation is of primary impor- 
tance in anoxia. 
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THE DISTRIBUTION OF ENZYMES DESTROYING OXYTOCIN 
AND VASOPRESSIN IN HUMAN PLACENTAE 
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(Received 23 October 1958) 


During the last three decades numerous investigators have reported the 
inactivation of oxytocin and vasopressin by homogenates of mammalian 
organs. The destruction of these hormones by tissues of human origin has not 
been extensively investigated. Page (1946) showed that plasma from pregnant 
women inactivated Pitocin (oxytocin; Parke, Davis), and Dicker & Tyler (1956) 
determined the degree of destruction of oxytocin and vasopressin after 
incubation with plasma from the same source. Hawker (1956) showed that 
homogenates of human placentae destroyed both oxytocin and vasopressin 
The inactivation of these hormones by tissue homogenate is probably enzymic 
in nature. Birnie (1953) and Hawker (1956) have described optimum condi- 
tions for destruction of vasopressin by liver homogenate, and oxytocin and 
vasopressin by placental homogenate respectively. 

The present work was undertaken in order to establish the nature of the 
destruction of oxytocin and vasopressin by homogenate of human placentae, 
and also to show whether or not there were present in placentae two separate 
systems each selectively destroying these posterior pituitary hormones. 


METHODS 


_ Extraction of placentae. Piacentae obtained from women having had normal pregnancies and 
deliveries were kept at 0° C and extracted within 16 hr of delivery. Membranes were removed 
and blood washed away with tap water. Pieces of non-infarcted tissue were cut out, blotted with 
filter paper to remove surplus fluid, mixed with an equal weight of ice-cold 0-25m sucrose solution 
and ground with sand in a mortar. The crude preparation was filtered through muslin and the 
filtrate fractionated by centrifuging successively at 600 g for 30 min, 8000 g for 45 min and 35,000 g 
for 120 min, in an M.S.E. refrigerated centrifuge cooled to 0° C. The supernatant fluid obtained 
after centrifuging at 35,000 g was filtered through a Sterimat type SB (Ford) in order to remove 
any particulate matter remaining in suspension. Six fractions were obtained and arbitrarily 
designated as (1) homogenate, (2) nuclei and cellular debris, (3) mitochondria, (4) microsomes, 
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(5) supernatant, and (6) filtrate. Fractions (2) and (3) were resuspended in sucrose solution, 
centrifuged, and the washings discarded. Fraction (4) was drained thoroughly. The particulate 
fractions (2), (3) and (4) were finally suspended in a volume of water equal to the volume of the 
original suspension from which they were sedimented. 

Incubations. Fractions obtained by the procedure described above were incubated with 
oxytocin and vasopressin (Pitocin and Pitressin; Parke, Davis and Co.) within 1 hr of preparation. 
Incubations were made in phosphate buffer solution at 37°C for 30 min (NaH,PO,-Na,HPO, 
buffer 0-1m, 1 part; NaCl solution 0-9%, 9 parts). The reaction was terminated either by boiling for 

sec at pH 7-5 or by boiling after the addition of 1/10 vol. s-HCl. Where necessary, the boiled 
mixture was neutralized with NaHCO, and diluted with water to make the final NaCl concentra- 
tion 0-9%. Samples were stored at - 30° C until assayed. 

Biological assays. The pressor activity of vasopressin was measured according to the method of 
Dekanski (1952) and antidiuretic potency according to Jessup & Taylor’s (1954) modification of 
Burn’s (1950) technique. In this modification the state of hydration of the animals is improved 
by using fed rather than fasting rats. Oxytocin samples were measured by the avian depressor 
method of Coon (1939), and except where stated by the isolated rat uterus. 

Two injection and calculation designs were used for the rat pressor and avian depressor assays. 
The first was a bracketing method where a total of six doses were administered. Two dose levels 
of ‘standard’ were given before and after two dose levels of the unknown, the unknown being 
diluted until responses were approximately equal to the responses to the standard. This pro- 
cedure was employed in all cases except where stated otherwise. The second assay procedure 
consisted of the injection of groups of four doses, two of standard and two of unknown, the ratio 
of the high to low doses being the same for standard and unknown. Calculations of potency ratio 
(R), 8.p. of R, A and P were made according to the procedure of Gaddum & Lembeck (1949). The 
bracketing design was used for the rat uterus test while antidiuretic activity was estimated by 
reference to a standard dose-response curve. 

Analysis. Nitrogen was estimated by Markbam’s (1943) modification of the Kjeldahl method. 

Definitions: m-u., milliunit ; N, number of sets of results; R, potency of unknown (% of standard) ; 
A, index of precision. 

RESULTS 
The inactivation of oxytocin and vasopressin by 
placental homogenate 

Determination of optimum pH for destruction of oxytocin and vasopressin. 
Placental homogenate was incubated with oxytocin (0-2 ml. homogenate, 
1 u. oxytocin) and vasopressin (0-2 ml. homogenate, 2 u. vasopressin) in buffer 
solutions at 37° C for 30 min over the range of pH values shown in Fig. 1. The 
incubates were boiled, the pH adjusted to 7-5 and the residual oxytocin and 
vasopressin assayed by the rat-uterus and rat pressor methods respectively. 
As is seen in Fig. 1, maximum inactivation of oxytocin and vasopressin 
occurred at pH 7-5-8-5 and 6-0-8-0 respectively. pH 7-5 was selected for 
subsequent incubations of both hormones. 

Determination of destruction of oxytocin and vasopressin with time on incuba- 
tion with placental homogenate. Placental homogenate was incubated with 
oxytocin (0-5 ml. homogenate, 2 u. oxytocin) in pH 7-5 phosphate buffer (total 
volume of incubate 5 ml.). Portions were withdrawn at successive intervals 
of time, boiled, and the residual hormone assayed by the rat-uterus method. 
Vasopressin was incubated with placental homogenate in a similar manner and 
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the residual hormone assayed by the rat pressor technique. Figure 2 shows that 
the logarithms of the residual hormone concentrations bear a linear relation to 
time. 

Evidence for the enzymic nature of the inactivation of oxytocin and vasopressin 
by placental homogenate. The shapes of the pH activity curves (Fig. 1), and 
destruction of substrate with time (Fig. 2), suggest that the inactivation of 
the hormones is enzymic in nature. Further evidence for this was obtained 
from the protein-like behaviour of the inactivating materials on dialysis and 
heating. 
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Fig. 1. pH activity curves for destruction of oxytocin and vasopressin by placental homogenate, 
Oxytocin and vasopressin incubated with homogenate at 37° C for 30 min over the range 
indicated. Incubates boiled and residual hormones assayed: @, oxytocin; A, vasopressin. 

Fig. 2. Destruction of oxytocin and vasopressin with time on incubation with placental homo- 
genate; semi-log. scale. Oxytocin and vasopressin incubated with homogenate. Portions 
withdrawn at intervals indicated and boiled, and the residual hormones assayed: @, oxytocin; 
A, vasopressin. 


Dialysis of placental homogenate against tap water for 18 hr did not destroy 
the ability of undialysable material to inactivate both oxytocin and vaso- 
pressin. Further, homogenate previously boiled for 5 sec failed to destroy 
oxytocin or vasopressin when incubated with these hormones under standard 
conditions. These results indicate that enzymes are responsible for the destruc- 
tion of oxytocin and vasopressin. It is proposed to call these enzymes ‘oxy- 
tocinase’ and ‘vasopressinase’. A unit of ‘oxytocinase’ (or ‘vasopressinase’) 
activity is defined as the amount of enzyme required to destroy 80% of the 
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substrate when incubated at 37° C for 30 min at pH 7-5 with an initial sub- 
strate concentration of 400 m-u. oxytocin (or vasopressin)/ml. 

Destruction of oxytocin and vasopressin by the incubation procedure. Estima- 
tion of the enzyme present in a solution of unknown concentration is dependent 
upon measurement of the residual hormone concentration after incubation. 
It was necessary therefore to show whether or not destruction of the hormones 
occurred when subjected to the incubation procedure in the absence of protein. 
The hormones, at a concentration of 400 m-u./ml., were subjected to the 
incubation procedure without homogenate and assayed against untreated 
hormones. Vasopressin and oxytocin were assayed by the rat pressor and avian 
depressor methods respectively, and the results calculated according to the 
procedure of Gaddum & Lembeck (1949). 


Tas_e 1. Destruction of vasopressin subjected to incubation procedure 
Potency after incubation Average 


Hormone N (% +8.D.) destruction (%) 
Vasopressin 4 0-12 77-3411 24-6 
Vasopressin 5 0-15 73-5412 


Vasopressin (400 m-u./ml.) treated with phosphate buffer pH 7:5, 30 min at 37°C. 1/10 vol. 
x-HCl then added and solution boiled 5 sec. After cooling, NaHCO, added until pH 7-5 and the 
solutions diluted to twice original volume with water. Residual vasopressin measured by the rat 
pressor method. There was no significant difference of slope in these tests. N, number of sets of 
results; A, index of precision. 

Oxytocin was not destroyed to any great extent by the incubation pro- 
cedure. This could be predicted from the work of Gaddum (1930). Some 25% 
of the vasopressin was destroyed, however, and a correction has been applied to 
all assays based on the assumption that only 3-016 of the 4 u. of vasopressin 
is available as substrate. The ¢ test was used to assess the significance of the 
loss of activity by vasopressin. The values of t were 2-18 (12 degrees of freedom) 
and 2-13 (15 degrees of freedom). When these two results are combined they 
provide significant evidence that some destruction has taken place. Heller & 
Urban (1935) showed that the antidiuretic activity of Pituitrin (pituitary 
extract; Parke, Davis) did not decrease after incubation with cerebrospinal 
fluid for 12 hr at 39° C. Also, Dettelbach (1958) states that there is a definite 
though greatly variable loss in the antidiuretic activity of vasopressin when 
kept at 21-24° C for 24 hr. He found no loss in pressor activity after boiling 
for 30 min at pH 7. The incubation conditions used in the present work differ 
from those used by the above-mentioned authors with-respect~to substrate-. 
concentration, pH and buffer composition. 

Relation between enzyme and residual substrate concentrations. Reference 
curves relating enzyme units to residual hormone concentration were con- 
structed for both oxytocinase and vasopressinase. The hormones were 
incubated with different volumes of homogenate under standard conditions, 
the homogenate containing known amounts of enzymes. Each assay was of 
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Units of Vasopressinase 


05 1-0 1°5 20 25 
Residual vasopressin (%) 
Fig. 3. Relation between enzyme and residual substrate concentrations; semi-log. scale. Vaso- 
pressin (400 m-u./ml.) incubated for 30 min at 37° C with known amounts of vasopressinase; 
residual hormone determined by the rat pressor test. 


iL i i 
0 0:5 1:0 15 2-0 25 
Units of oxytocinase 
Fig. 4. Relation between enzyme and residual substrate concentrations; semi-log. scale. Oxytocin 
(400 m-u./ml.) incubated for 30 min at 37° C with known amounts of oxytocinase; residual 
hormone estimated by the avian depressor test. 
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the 2 plus 2 type, using four groups for the rat pressor, and three groups for 
the avian depressor assays. At the lower concentrations of oxytocin the 
bracketing design of assay was employed, since the volume of incubate 
required to produce a response was too large to permit three groups of four 
injections to be administered to the fowl. From Figs. 3 and 4, the amounts of 
enzymes present in a solution of unknown concentration can be readily 
determined. | 


TABLE 2. Inactivation of oxytocin by fractions obtained from human placentae 
Number of Av number of 
preparations © oxytocinase units/ml. 


Preparation examined (range) 

Homogenate 4 >1-4 (0-7—>1-9) 
Nuclei 2 0-3 (0-2— 0-6) 
Mitochondria 4 0-3 (0-1— 0-4) 
Microsomes 4 0-2(0 -— 0-3) 
Supernatant 4 >1-6 (1-1->1-9) 
Filtrate 4 0-1(0 = 0-2) 


Six placentae examined; not all fractions from each placenta tested. Residual oxytocin 
measured by the avian depressor method using bracketing design of assay. 


TasLe 3. Inactivation of vasopressin by fractions obtained from placentae 
Number of Average number of 


preparations vasopressinase 

Preparation examined units/ml. (range) 
Homogenate 5 3-0 (2-0-4-0) 
Nuclei 1 0 
Mitochondria 4 1-8 (0-4-3-0) 
Microsomes 3 1-2 (0-8-2-0) 
Supernatant 3 0-2 (0 -0-6) 
Filtrate | 0 


Five placentae examined; not al] fractions from each placenta tested. Residual vasopressin 
measured by the rat pressor method using bracketing design of assay. 


Distribution of oxytocinase and vasopressinase in human placentae 

Preliminary work. Six placentae were examined for oxytocinase and five 
for vasopressinase activities. Not all fractions from each placenta were assayed 
and Tables 2 and 3 show the number of placentae from which a particular 
fraction was tested. 

The distribution of the enzyme system responsible for the inactivation of 
oxytocin differs markedly from that inactivating vasopressin. Oxytocinase 
occurs in the ‘supernatant’ fraction, and vasopressinase predominantly in 
‘mitochondrial’ and ‘microsomal’ fractions. 

Detailed examination of three placentae. The fractions from these placentae 
were incubated with both oxytocin and vasopressin. The results obtained on 
the three placentae are given in Tables 4-6. The column headed ‘Relative 
concentration’ indicates the degree of purification achieved at each stage. 
These values were obtained by dividing the A/N, value of each fraction 
(enzyme units per ml./nitrogen per ml.) by the A/N, value of the homogenate. 
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Tas_LE 4. Destruction of oxytocin and vasopressin by placenta 1 


(a) Oxytocin 
Vol. Avian depressor assay Rat uterus assay 
with 4u. Residual Residual 
oxytocin oxytocin Enzyme Relative oxytocin Enzyme Relative 
Preparation  (ml.) (%) units/ml, concen. (%) units/ml. concen, 
Homogenate 0-6 14 2-1 1-0 3 3-8 10 
Nuclei 2-0 71 0-1 0-1 40 0-3 0-2 
Mitochondria 1-0 121 0 0 96 0 0 
Microsomes 10 O-1 0-9 87 0-1 0-8 
Supernatant 0-6 ll 2-3 3-4 23 1-5 1-2 
1-0 74 0-2 0-3 67 0-2 0-2 
Vol (6) Vasopressin 
— Rat pressor assay Antidiuretic activity assay 
vaso- Residual Residual 
vaso Enzyme Relative vaso in Enzyme Relative 
Preparation (%) units/ml concn (%) units/ml. conen. 
Homogenate 0-6 35 13 1-0 29 13 1-0 
Nuclei 10 78 0-2 0-3 78 0-2 0-3 
Mitochondria 0-8 40 0-8 15 43 0-6 12 
Microsomes 0-8 20 13 31 40 0-7 17 
Supernatant 0-6 54 0-7 0-6 52 0-7 1-7 
Filtrate 0-6 88 0-2 0-2 46 0-8 2-3 


Placental homogenate (0-25m sucrose) centrifuged successively at 600g, 8000g and 35,0009 
to produce ‘nuclear’, ‘mitochondrial’ and ‘microsomal’ fractions respectively. Part of 35,000 g 
supernatant filtered through ‘Sterimat’ (Ford) to give ‘filtrate’ fraction. Each fraction incubated 
with oxytocin and vasopressin for 30 min at 37° C and residual hormones assayed as described in 
text. Relative concentration = A/N, of each preparation divided by A/N, of ‘homogenate’. 


Tae 5. Destruction of oxytocin and vassopressin by placenta 2 


(a) Oxytocin 
Vol. Avian depressor assay Rat uterus assay 
incubated A “3 ‘ 
with 4u. Residual Residual 
oxytocin oxytocin Enzyme Relative oxytocin Enzyme Relative 
Preparation § (ml.) (%) units/ml. concn. (%) units/ml. § concen, 
Homogenate 0-6 15 2-0 1-0 26 1-4 1-0 
Nuclei 1-5 59 0-2 0-2 49 0-3 0-4 
Mitochondria 1-5 79 0-1 1-8 104 0 0 
Microsomes 1-5 58 0-2 3-5 0-1 0-2 
Supernatant 0-6 15 2-0 2-1 35 ll 1-7 
iltrate 1-5 70 0-1 0-3 72 0-1 0-3 
Vol. (6) Vasopressin 
incubated Rat pressor assay Antidiuretic activity assay 
vaso- Residual Residual 
in vasopressin Enzyme Relative vasopressin Enzyme Relative 
Preparation  (ml.) (%) units/ml. _concn. (%) units/ml. —conen. 
Homogenate 0-4 25 2-2 1-0 31 1:8 10 
uclei 1-0 63 0-3 0-3 56 0-4 0-5 
Mitochondria 0-8 33 1-0 18 53 0-5 ll 
crosomes 0-8 42 0-8 15 23 1-1 20 
Supernatant 0-6 22 1-6 1-6 38 1-0 1-2 
iltrate 0-6 78 0-3 0-6 62 0-8 1-9 
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Values of A and s.p. of R for the assay of oxytocin by the avian depressor test 
ranged from 0-03 to 0-11 and from 3-5 to 14-9 respectively. For the rat pressor 
assay of vasopressin, A ranged from 0-03 to 0-15 with s.p. of R of 4-3-16-0. In 
two assays there were significant differences in slope. 


Taste 6. Destruction of oxytocin and vasopressin by placenta 3 


(a) Oxytocin 
Vol. Avian depressor assay Rat uterus assay 
with 4u. Residual Residual 
oxytocin oxytocin Enzyme Relative oxytocin Enzyme Relative 
Preparation (%) units/ml. concen. (%) units/ml. concn. 
Homogenate 0-6 20 1-8 10 16 18 10 
Nuclei 1-5 72 0-1 0-2 85 0-1 0-1 
Mitochondria 1-5 63 0-2 6-1 57 0-2 6-3 
Microsomes 1-5 92 0-03 0-5 36 0-4 6-8 
Su tant 0-6 8 2-6 3-5 9 2-5 3-3 
te 1-5 92 0-03 0-1 85 0-1 0-3 
Vol. (b) Vasopressin 
_ incubated Rat pressor assay Antidiuretic activity assay 
with 4u — A A — 
vaso- Residual Residual 
vaso in Enz Relative vaso Enzyme Relative 
Preparation (%) units/ml concn (%) units/ml. concn. 
Homogenate 0-4 28 2-2 1-0 25 2-2 10 
Nuclei 1-0 64 0-6 0-7 53 0-4 0-4 
Mitochondria 0-8 35 0-9 23 37 10 25 
Microsomes 10 15 1-3 18 22 0-9 12 
Supernatant 10 26 0-9 10 22 0-9 10 
te 10 33 0-8 1-6 46 0-5 1-0 


Since oxytocinase is present in the ‘supernatant’ but absent in the ‘filtrate’, 
it is probable that the enzyme is either associated with very small particles or 
is present in true solution. A ‘supernatant’ fraction was therefore centrifuged 
at 113,000 g in an ultracentrifuge (Spinco Model E, preparative rotor K) for 
2 hr. The very small amount of material sedimented under these conditions 
was comprised of soluble proteins only, all particulate matter being previously 
removed by centrifuging at 35,000 9. The sedimented and supernatant fractions 
from the 113,000 g run were incubated with oxytocin and vasopressin in the 
normal manner and the residual hormones estimated by the avian depressor 
and rat pressor methods respectively. The results presented in Table 7 show 
that oxytocinase is present in solution, and since it is absent in the ‘filtrate’ 
fraction the enzyme must either be adsorbed on to, or inactivated by, passage 
through the Sterimat filter. 

The results show that of‘the many enzyme systems present in anna human 
placentae there is one destroying oxytocin, and another vasopressin. The 
system destroying oxytocin is present in solution in the ‘supernatant’ fraction. 
The system destroying vasopressin is distributed more widely, approximately 
two-thirds of the total activity occurring in the ‘mitochondrial’ and ‘micro- 
somal’ and the remainder in the ‘supernatant’ fractions. 


| 


or 


In 


HUMAN PLACENTAL ENZYMES 547 


TaBLE 7. Distribution of oxytocinase and vasopressinase after centrifuging at 113,000g 


mi e 
113,000 g sediment 0-07 0 
113,000 g supernatant 1-42 0-10 


Human placenta homogenized in 0-25™ sucrose solution and cell debris together with nuclei 
sedimented by centrifugation. Mitochondria plus microsomes sedimented at 35,000 g and the 
supernatant further fractionated by centrifuging at 113,000 g for 2 hr. Residual hormone con- 
centration after incubation determined by avian depressor and rat pressor methods using 
bracketing type of aasay. 


DISCUSSION 


The enzymic nature of the materials destroying oxytocin and vasopressin is 
shown by pH activity curves, destruction of substrate with time, heat lability 
and inability to pass through semi-permeable membrane. Further, in experi- 
ments not described here, oxytocinase may be precipitated by addition of 
ammonium sulphate at a concentration of 50 g/100 ml. preparation, and also 
by acetone. Vasopressinase occurs predominantly in particulate form, con- 
sequently solubility properties are not known. 

The optimum conditions of incubation of oxytocinase and vasopressinase 
with the appropriate hormones do not possess any unusual features. Where 
comparisons are possible, close agreement is obtained with the results reported 
by Hawker (1956). Hawker found the optimum pH for enzymic destruction 
of the antidiuretic activity by homogenate of placentae to lie between 7 and 8. 
This value is in agreement with that obtained for the destruction of the pressor 
activity of vasopressin. Similarly, Hawker stated that pH 7-8 was optimum 
for destroying the oxytocic factor of oxytocin, which is in close agreement with 
the value of pH 7-5-8-5 reported here. 

In cases where a loss of less than 20%, of substrate occurred it may be 
assumed that this was due to factors other than the enzymes. Such a loss 
may be due to adsorption on to insoluble protein matter, which, in the course 
of preparation of the sample for assay, is removed by centrifuging. Generally 
a 20°% loss of substrate is reflected by a figure of approximately 0-2 enzyme 
units/ml. From Tables 4—6 it can be seen that oxytocinase occurs at a con- 
centration of 0-2 u./ml. or less in the ‘nuclei’, ‘mitochondrial’, ‘microsomal’ 
and ‘filtrate’ fractions. The comparatively high values obtained for ‘ Relative 
concentration’ in the ‘microsomal’ and ‘mitochondrial’ fractions result from 
the low concentration of protein nitrogen, and do not reflect a purification 
of the enzyme. Similarly, it is doubtful whether there is present a significant 
amount of vasopressinase in the ‘nuclei’ and ‘filtrate’ fractions. 

The measurement of the antidiuretic activity of vasopressin by subcutaneous 
injection is open to criticism. It was employed in the present study merely to 
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a Preparation Enzyme units/ml. Enzyme units/ml. 
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or | 
or 
ns 
ly 
ns 
he 
or 
e > 
ge 
n 
he 
n. 
ly 


548 K.C. HOOPER AND D.C. JESSUP 


show that the destruction of antidiuretic activity followed the same trend as 
did the destruction of the pressor effect. In the determination of the distribu- 
tion of vasopressinase in placental homogenate, more reliance is placed on 
results dependent upon destruction of pressor effect than on those based upon 
destruction of antidiuretic activity. The total amount of vasopressinase in 
the nuclei, mitochondria, microsome and supernatant fractions exceeds 
that present in the homogenate. A probable explanation is that there are 
present in the homogenate proteins or peptides which compete with vaso- 
pressin as substrate for the enzyme. The presence of these additional 
substrates would result in a low value for the concentration of vasopressinase 
in the homogenate. 

The results reported here show that there are present in normal human 
placentae separate enzyme systems destroying oxytocin and vasopressin. 


Oxytocinase activity is associated almost exclusively with the soluble protein 


fraction. Both the oxytocic and depressor properties of oxytocin are destroyed 
by oxytocinase. Vasopressinase is associated predominantly with particles which 
are sedimented when centrifuged at 8000 g and over, the bulk of the activity 
being sedimented between 8000 g and 35,000 g. It is highly probable that 
vasopressinase occurs predominantly in the mitochondrial fraction even though 
the microsomal fraction is rich in the enzyme. It has been shown (Bailie & 
Morton, 1958) that grinding of tissue with sand in a mortar causes consider- 
able disintegration of mitochondria and that the disintegrated membranes are 
in the size range of microsomes and may contaminate this fraction (Martin & 
Morton, 1956). Some vasopressinase activity remains in the supernatant 
fraction and this may be due to two causes. First, there may be enzymes 
present in the supernatant less effective for destroying vasopressin than those 
present in the mitochondria. Secondly, oxytocinase itself may possess vaso- 
pressinase activity to a smaller degree. Vasopressinase destroys both the anti- 
diuretic and pressor activities of vasopressin. 

The substrates Pitocin and Pitressin are not endogenous human hormones, 
Pitressin being a mixture of lysine and arginine vasopressins. It seems prob- 
able that human vasopressin is similar to bovine vasopressin (Van Dyke, Adam- 
sons & Engel, 1957). Oxytocin has not so far been shown to have a species 
variation. 

The existence of separate oxytocinase and vasopressinase enzyme systems 
is of interest, for it indicates that enzymic control of the two posterior pituitary 
hormones in question is probably specific, and not due to unspecific proteolysis. 


SUMMARY 


1. The enzymic nature of the destruction of oxytocin and vasopressin by 
homogenate of human placentae is discussed and the distribution of these 
enzymes in normal human placentae studied. 
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2. Placentae were homogenized and the homogenate separated into five 
fractions by differential centrifugation and filtration. The fractions were 
incubated with oxytocin and vasopressin under controlled conditions, and the 
residual amounts of hormones determined. Two different methods were used 
for the bioassay of each hormone. 

3. Oxytocinase occurs almost exclusively in the soluble protein fraction. 

4, Vasopressinase is associated predominantly with particles sedimented by 
centrifugation at 8000-35,000 g. 

5. The fraction containing the greatest specific activity of vasopressinase 
is devoid of oxytocin-destroying activity. The fraction containing oxytocinase 
possesses to a certain degree vasopressin-destroying properties. 

We thank Professor J. H. Gaddum, F.R.S., for his helpful advice and criticism and Professor 
R. J. Kellar for his interest and for providing placentae. We are grateful to Dr D. M. Mauritzen 
for centrifuging a specimen in an ultracentrifuge. We also thank Miss M. Burnett, Miss M. Cruick- 


shank and Mr J. Caird for skilled technical assistance and Messrs Smith, Kline and French 
Laboratories Ltd. for a generous gift of dibenamine. 
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EFFECTS OF INJECTIONS OF CATIONS INTO THE CEREBRAL 
VENTRICLES ON CONDITIONED RESPONSES IN THE CAT 


By E. R. JOHN*, R. D. TSCHIRGI anp BERNICE M. WENZEL 


From the Department of Physiology, University of California Medical Center, 
Los Angeles 24, California 


(Received 21 November 1958) 


This paper reports the effects of injections of calcium and potassium into the 
cerebral ventricles of the cat on the performance of a number of conditioned 
responses. Relationships between the ionic composition of the fluid environ- 
ment of the central nervous system and various aspects of central nervous 
system function have been examined in many previous investigations, most 
of which were conducted on anaesthetized animals. In such experiments 
solutions of varying ionic composition were centrally injected, usually into 
the cisterna magna or into the lateral ventricles, or the ventricular system of 
the brain was perfused with an artificial cerebrospinal fluid appropriately 
modified, and autonomic, somatomotor or reflex effects, or changes in the 
electrical activity of the brain were observed. 

In numerous studies increased central potassium concentration has been 
demonstrated to raise blood pressure, even after bilateral adrenalectomy, 
vagotomy or curarization, to decrease heart rate, and to increase muscle tone, 
respiratory rate, gastric motility, pressor and depressor carotid sinus reflexes, 
to cause mydriasis and secretion of adrenaline from the suprarenals. Increased 
central calcium concentration has been demonstrated to cause the opposite 
effect from potassium and/or to oppose directly the action of raised central 
potassium on each of the functions just listed except the last two, for which no 
data are available (Stern & Chvoles, 1933; Resnick, Mason, Terry, Pilcher & 
Harrison, 1936; Mullin, Hastings & Lees, 1938; von Euler, 1938; Verstraeteu, 
1948; Leusen, 1950; Bekaert, 1950). 

The effect of increased central potassium on the electrical activity of the 
brain, which has been reviewed by Heppenstall & Greville (1950), appears to 
be biphasic. Small increases raise the frequency and decrease the amplitude of 
the e.e.g., whereas larger increments decrease frequency and raise amplitude, 
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sometimes causing the appearance of spike discharges, and can inhibit e.e.g. 
activity. Spontaneous and evoked potentials seem to be differentially sus- 
ceptible to changes in potassium concentration. The primary response of the 
auditory cortex to clicks is not affected by increases in centrai potassium, but 
the after-discharge is intensified. As with the autonomic effects, the effects of 
altered central potassium on the electrical activity of the brain are opposite 
to and/or are opposed by those of calcium (Bonnet & Bremer, 1937; Dubner 
& Gerard, 1939; Libet & Gerard, 1939; Rivkine, 1950). Gerard (1936) points 
out that potassium and calcium, both inhibitcry in high concentrations, never- 
theless cancel each other's effects on the e.e.g. Heppenstall & Greville (1950) 
take this as an indication that two independent and antagonistic mechanisms 
are involved. They conclude that neither potassium nor calcium can influence 
sensory transmission to the cortex, but neurones which respond to the arrival 
of afferent impulses at the cortex, probably internuncial neurones in upper 
cortical layers, can be excited or depressed by these substances. Horsten & 
Klopper (1952) contend that the cortical effects of central ionic shifts are 
primarily related to the action of these substances on the reticular formation, 
arguing that all observed effects of altered central ionic concentrations can be 
viewed as the result of changes in the function of brain stem centres, with 
consequent fluctuations in cortical excitability. 

The effects of altered central ionic balance on the behaviour of unanaesthe- 
tized animals have not been extensively investigated. The occurrence of seizures 
after central injection of potassium, and sleep or loss of consciousness after 
central injection of calcium, has been reported bya number of workers (Meltzer, 
1899; Demole, 1927; Cloetta & Fischer, 1930; Koenigstein, 1951; Feldberg & 
Sherwood, 1957). Koenigstein (1951) reported in addition scratching attacks 
after intracisternal injection of potassium into cats, which were reversible with 
calcium administered via the same route. He also observed convulsions on 
some occasions after intracisternal calcium injections. No quantitative be- 
havioural investigations of the effects of central potassium and calcium injec- 
tions have been reported. 

METHODS 
Thirteen cats were trained to perform three conditioned responses. First, they learned to jump 
a7 in. (18 cm) high transparent hurdle on a 3} in. wide elevated runway, in order to obtain visible 
food. Training consisted of repeatedly placing pieces of meat on the opposite side of the hurdle 
from the cat, in full view, until the animal consistently jumped the hurdle and ate the food 
without urging by the experimenter. 

Secondly, they were trained to perform a pattern discrimination, in a modified Yerkes box, in 
order to obtain concealed food. The apparatus consisted of a starting box leading to a walled 
alley with two doors at the far end. For each trial, one door was unlocked and bore a placard 
marked with a black circle on a white background. A piece of raw meat was placed on a platform 
concealed behind the unlocked door. The other door, which was locked, was marked with a black 
square, of area equal to that of the circle, on a white background. The positions of the locked and 
unlocked doors, so marked, were randomly varied from trial to trial. In each trial the cat was 
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released from the starting box into the alley. A correct trial consisted of pushing open the un- 
locked door, thus gaining access to the food. An error consisted of touching the locked door, 
ending the trial since correction was not permitted. Failure to touch either door was scored as 
refusal to perform. During training each cat was given twenty such trials a day until not more than 
one error per day occurred for three successive days. 

Thirdly, they were trained to avoid shock by jumping a hurdle in a two-compartment hurdle 
box, on the presentation of either an auditory or a visual stimulus. The apparatus consisted of a 
box divided into two equal compartments by a vertical partition, or hurdle. The floor was a grid 
of brass rods through which electric current could be applied to the feet of the animal. One wall 
was of one-way vision glass, allowing continuous observation of the animal. Each compartment 
was lighted by a 75 W bulb. A loudspeaker was mounted in the centre of the top. Upon presenta. 
tion of a 1200-cycle tone (‘Tone’) or upon darkening of the compartment containing the cat 
(‘Dark’), the cat had to jump the hurdle into the adjacent compartment within 5 sec (conditioned 
avoidance response, or CAR), or electric shocks at 0-2-0-4 mA were delivered intermittently to 
the feet until crossing occurred. If crossing occurred after 5 sec but before 15 sec, this was scored 
as escape or error. Failure to cross after 15 sec of shocks was scored as refusal, and the trial was 
terminated. Half the animals were trained first with the ‘Tone’ and afterwards with the darkened 
compartment; the others were trained in reverse order. Twenty trials a day were given with the 
first stimulus until the CAR was performed within 5 sec after the onset of the stimulus, on every 
trial. The same procedure was then repeated with the second stimulus. Finally, each cat was 
presented with series of twenty mixed stimuli, ten ‘Tone’ and ten ‘ Dark’ in random order, until 
the CAR was performed within 5 sec on every trial. 

After each animal had been trained, a cannula was permanently implanted into the lateral 
ventricle of the brain, using the method described by Feldberg & Sherwood (1953). Post-opera- 
tively, each animal was tested for retention of learned behaviour and, if necessary, was retrained 
in order torestore performance to the pre-operative level. Performance of the conditioned responses 
was then studied in each cat afier a standardized sequence of injections of various solutions given 
through the implanted cannula. The amount of fluid given with each injection was 0-5 ml., 
slowly injected during 1 min; injections were repeated at 15 min intervals. First the effect was 
studied of three injections of saline solution 0-9% (w/v). A month later injections of 0-025 m- 
equiv of potassium were made, the injections being repeated until signs of convulsions occurred. 
In some cats this happened after one or two injections, in others only after three injections; 
usually the number of injections was three. One week later the effect was studied of successive 
injections of 0-025 m-equiv of potassium plus 0-025 m-equiv of calcium. In each cat the number 
of injections was the same as the corresponding number of potassium injections given a week 
previously. Again, one week later, the same number of injections of 0-025 m-equiv of calcium 
was given. In two cats the intervals were not 1 but 2 weeks. The potassium and calcium solutions 
were made by dissolving the appropriate amounts of the chlorides in physiological saline solution. 

Performance of the conditioned responses was tested within the hour before the injections 
commenced, 2 min after the end of each injection, at 20 min intervals thereafter for 2 hr, and at 
hourly intervals for the next 2-78 hr, as their condition demanded. In each testing session ten 
trials of shock avoidance were first administered, using a randomly intermixed series of five Tone 
and five Dark stimuli. Intervals between trials varied from 15 to 60 sec at random. The number 
of CARs and of errors were recorded and, on each trial, the time which elapsed between onset of 
the stimulus and completion of the CAR was measured (response latency). : 

In order to detect increased latency of shock avoidance in the testing situation, the cats were 
allowed 15 sec to complete the CAR before being shocked, rather than 5 sec as in training. However, 
after every five test trials of this sort, two trials were given in which the shock was delivered in 
5 sec if the CAR had not been completed. Such trials served to maintain response latency at the 
trained level in spite of frequent testing with the longer allowance during injection experiments. 
Data obtained in these ‘remindor’ trials were not included in calculating experimental results. 
If response was not completed in the time allowed, it was scored as an error, and shock was 
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delivered for 1 sec every 5 sec until the CAR was performed or until four shocks had been 
delivered. 

The CAR trials were followed immediately by one or two runway trials. The runway trials 
were followed by two to ten trials of pattern discrimination. The number of trials was varied 
sometimes in order to maintain appetite or to save time. In general, a complete testing session 
required from 10 to 15 min, depending on the state of the animal. 


RESULTS 
Saline 
In all the control experiments, intraventricular injections of 0-9% saline 
solution caused no definite changes in untrained behaviour. Table 1 shows 
that only one of the general effects on trained behaviour, to be described below, 
observed after injection of the experimental materials also occurred after 
saline, namely, refusal to work on the runway for food in the case of one 
animal. In Table 2, which summarizes the quantitative effects of all the injec- 
tions on all the trained responses, it can be seen that 80°% of the chances to 


Taste 1. Number of experiments in which various effects were observed, based on data 
from the seven cats on which all four experiments were performed 


All ion 
K+ KtandCa* Ca* experiments Saline 


Consistent refusal to eat 3 3 3 9 1 
or work on pow 4 

Performance of pattern 2 2 2 6 0 
discrimination while 
refusal on CAR 

Position habit in pattern 3 4 3 10 

Differential performance of 5 6 6 17 
CAR to Tone and Dark 

Seizures 6 1 2 9 0 


Tasie 2. Summary of effects of injections into the cerebral ventricles, based on data from the 
seven animals on which all four experiments were performed. Data were computed from 
performance in the 4 hr period following initial injection. The trained response latency for 


Total Total A 
chances (%) chances (%) (%) 
Saline 46 80 200 95 1-0 
+ 52 75 260 75 5-6 
K* and Ca*+ 64 72 320 64 10-7 
74 64 370 50 12-6 
Conditioned avoidance responses (CAR) 
Latency (sec) Latency (soc) 


O05 510 1015 E* Rt O8 5101015 E* Rt 
Total Distribution of Tone responses (%) Distribution of Dark responses (%) 


chances 
Saline 110 468 31 00 008 47 31 O1 0-0 
K+ 670 35:7 46 O98 31 57 336 43 068 48 6-7 
KtandCa* 730 21-2 4114 12 74 88 170 75 415 180 11-0 
Ca*+ 730 265 92 O58 27 Wl 93 75 65 145 


* Errors tf Refusals. 
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obtain food on the runway were accepted and 95 % were accepted in the pattern 
discrimination task with an error of only 1%, and that all but 65% of CARs 
were performed within the trained latency of 5 sec. 


Potasswum 

General observations. After unilateral intraventricular potassium injections, 
the following syndrome could be observed if enough injections were given. 
Immediately after the critical injection a transient ataxia occurred, lasting 
1 or 2 min. Ina few moments, the animal began to lick its lips and to over- 
ventilate, frequently panting violently, something seldom seen in cats. De- 
fecation sometimes occurred and, infrequently, the animal purred. After a 
few minutes, the animal became restless, walking persistently, frequently 
glancing rapidly to both sides and over its shoulder. Exaggerated ‘startle’ 
responses to sound were observed at this stage. Turning developed, to the side 
contralateral to the side of injection. Pupils were dilated. The contralateral 
hind leg was flexed. Eventually clonic contractions began, initially in the 
contralateral hind leg. These became rhythmic at about one per second. Some- 
times facial clonus occurred, usually on the side of injection. Occasionally, 
spasmodic and violent fits of scratching of the head were noted. The clonus 
became more violent, and frequently the contralateral forelimb became in- 
volved in synchrony with the hind limb. Generalized contralateral seizure 
then developed, lasting approximately 1 min, while the animal twitched 
rhythmically during the intervals between major seizures. The time between 
the last potassium injection and the onset of major seizure varied from 5 to 
75 min, 

On several occasions an amount of calcium was injected centrally which was 
equivalent with the injected potassium, and in each case the convulsions were 
dramatically interrupted. When the seizure was thus interrupted, the cat 
appeared normal. In all other instances of seizure, the convulsions were either 
permitted to run their course or stopped with pentobarbital sodium. It was 
striking that in animals that received no treatment after potassium-induced 
seizure, twitches of the contralateral hind leg could sometimes be observed 
24 hr after injection of the potassium, when the animals were placed in the 
avoidance apparatus. Seizures with potassium werc induced in nine out of 
eleven experiments, followed during the recovery period by hissing, attack on 
other animals, and general indications of unusually aggressive behaviour. 

Conditioned responses. In most of the potassium experiments performance 
on the runway and in pattern discrimination was not appreciably affected. 
Three cats, which had performed these responses properly just before injec- 
tion, refused food immediately afterward and would not work in either 
apparatus, so that the chances accepted dropped to 75% for both tasks. 
Three other animals, after injection of potassium, consistently made errors 
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in pattern discrimination on those trials in which the correct stimulus was 
presented on the side of the apparatus contralateral to the side of injection. 
One of these animals made twenty-three consecutive choices to the ipsilateral 
side even though the position of the correct stimulus was randomly varied. 
Although the animals worked rapidly in a fashion suggesting considerable 
hunger, for as much as 8 hr they showed this marked preference for the stimu- 
lus ipsilateral with injection. Such consistent errors will be called ‘position 
habits’. 

The effects of potassium on avoidance behaviour were relatively brief and, 
with the exception of two cats, there was no complete loss of CAR. The main 
effect was an increase in response latency such that 30-7% of the response 
latencies exceed 5 sec. Of these 12-4%, constituted refusals, while the rest 


Minutes 
Fig. 1. The effects of intraventricular potassium injection on performance of the CAR to Tone 
and to Dark — — — in one cat. Each point represents the mean response latency of 


a group of five trials; each arrow indicates the injection of 0-025 m-equiv potassium in 
0-50 ml. of physiological saline. 


were slow responses. The distribution of the latter can be seen in Table 2. 
The increase in latency occurred 10-15 min after injection and occasional 
errors were made during the next hour. Escape responses remained unim- 
paired in all cats but the two mentioned above. Response latency was again 
essentially normal, i.e. less than 5 sec, after 2-3 hr. 

The CAR to Dark was affected somewhat more than to Tone, and on occa- 
sion was essentially blocked when response to Tone was still adequate. Table 2 
shows that there were more errors and refusals to Dark as well as fewer 
response latencies shorter than 5 sec. These effects were observed repeatedly in 
the absence of the general behavioural consequences described above. The 
course of the CAR in a typical potassium injection experiment on one cat is 
illustrated in Fig. 1. 

Of the three animals with position habits in pattern discrimination, two 
pwr complete loss of CAR during part of the period in which they displayed 
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a position habit. The third performed the CAR adequately throughout, al- 
though response latency was slightly higher than usual, rising to 6-4 sec. 

If a seizure occurred, it was sometimes preceded by a decrease in response 
latency of the order shown in Fig. 1. In those cases where the convulsive 
activity was terminated by calcium, response latency returned to normal in 
about 10 min. A comparable decrease in latency occurred about an hour 
after seizures that were allowed to run their course, as was done with the cat 
whose data appear in Fig. 1. 

Calewum 

General observations. After intraventricular injection of calcium, transient 
ataxia was frequently observed. Characteristically the cats began to purr 
vigorously within a few minutes of the first injection, sometimes also 
‘kneading’ the forepaws rhythmically. After 30-60 min they displayed little 
or no spontaneous movement. Sometimes an extension of the contralateral 
hind leg appeared. A fine generalized tremor developed and the nictitating 
membranes were relaxed. A change in mood occurred, sometimes persisting 
for several days, such that normally aggressive cats became docile and 
friendly. 

In three animals a rather extreme state of immobilization followed the 
calcium injections. One remained for 20 min with forepaws on a chair seat 
and hind paws on the floor. Other bizarre postures, which would not be toler- 
ated by normal cats, were actively maintained by these animals in that resis- 
tance was offered to changes of position. The only overt movement was con- 
tinuous tail lashing. Righting and placing reflexes were present and startle 
responses could be elicited by abrupt loud noises. 

All the above effects, except the change in mood, gradually disappeared 
after 2-6 hr. When the subdued behaviour had worn off, two cats grew rest- 
less. Circling developed towards the side contralateral to the injection. Clonic 
jerks appeared in the contralateral hind leg, followed by a seizure similar to 
that evoked in these animals by potassium. In one cat the seizure occurred 
24 hr after the third calcium injection, which was 1} hr longer than the time 
needed for the onset of seizure after potassium. In the other cat seizure 
occurred 6 hr after the completion of calcium injections, whereas the delay 
after potassium had been only 20 min and after an equivalent mixture of 
potassium plus calcium seizure had begun in 4 hr. 

Conditioned responses. At intervals varying from } to 3 hr after the last 
calcium injection, all cats stopped working in pattern discrimination and, in 
general, did not begin to work again for at least 24 hr. In most cases there 
was concomitant refusal to obtain food on the runway for at least part of this 
time, as well as rejection of meat held directly in front of the mouth. Appetite 
was clearly diminished. In the period before complete refusal of food was 
reached, the same pronounced ipsilateral position habit was seen as occurred 
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after potassium. In the three animals showing this effect, it persisted for as 
long as 3 days, long after response latency in avoidance was once again normal. 
As can be seen in Table 2, the injections of calcium produced the lowest food- 
getting response rate of all the injections, as well as the highest percentage in 
pattern discrimination. 

Response latency in avoidance showed a pronounced increase during the 
first hour after beginning calcium injections until, in most cases, errors reached 
100% for about an hour. Normal latency returned after a widely varying 
interval of 4-48 hr. These changes are illustrated in Fig. 2 by the results 
obtained in one cat. Table 2 shows that only 45-8% of the responses were 
made within 5 sec and the percentage of refusals was higher than in any other 


Mean latency (sec) 


£4440 80 120 160 200 240 280 320 360 400 


Minutes 
Fig. 2. The effects of intraventricular calcium injection on performance of the CAR to Tone 
and to Dark — — — in one cat. Each point represents the mean response latency of a group 


of five trials; in computing mean response latencies, errors and refusals were arbitrarily 
assigned a latency of 15 sec, so that the response latency curve is asymptotic to the maximum 
permitted latency. Each arrow indicates the injection of 0-025 m-equiv calcium in 0-50 ml. 


physiological saline. 


instance. In general, the cats seemed to perceive the conditioned stimuli 
during refusal, showing startle responses, growling and cringing, but failed to 
perform the appropriate conditioned response. There were no signs of motor 
incoordination to which such failures might be attributed. As with potas- 
sium, the CAR to Tone was less severely affected than that to Dark. 


Potassium—calevum mixtures 
General observations. After injection of solutions containing both potassium 
and calcium in normal ratio but increased concentration, no gross changes 
were generally observed. In some animals the effects resembled those seen 
after either potassium or calcium injections, but were less pronounced. Infre- 
quently, initial behaviour resembling that induced by calcium was replaced 
by that characteristic of potassium. In one animal, 4 hr later than the onset 


of seizure after potassium and 2 hr earlier than after calcium, a seizure occurred 
36-2 
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which was bilateral and was not preceded by circling. This animal showed 
greater susceptibility to seizure than other members of the group in later 
experiments not reported here. In another cat clonic jerks of the contralateral 
hind leg, which appeared 3 min after injection of potassium, occurred 54 min 
after injection of the mixture. This cat did not have a generalized seizure in 
either experiment. 

Conditioned responses. The effects of injection of the potassium—calecium mix- 
ture on performance on the runway and in pattern discrimination were inter- 
mediate to those of potassium or of calcium alone. Four cats showed the same 
pronounced ipsilateral position habit in pattern discrimination as was seen 
after either ion alone. The presence of potassium appeared to lessen the effects 
of calcium on food-getting performance by shortening the duration. The 
nature of the effects was unchanged. 

The consequences of these injections on the CAR were in all but two cats 
more pronounced and of greater duration than those caused by the same 
amount of potassium alone. The calcium effects seemed to predominate. 
Increased response latency persisted for 6-24 hr and errors were more fre- 
quent than after either ion singly. The Tone—Dark differential was again 
observed but was greater than after potassium. Over-all avoidance perform- 
ance was somewhat poorer with the mixture than with either potassium or 
calcium alone, except that more refusals occurred after calcium, an effect 
that was related to the general loss of mobility noted after calcium. 

The data showed clearly that the behavioural effects of a mixture of the 
two ions could not be described as the additive result of the effects of each 
one alone. At the same time it was obvious that a balanced mixture of 
potassium and calcium, or a mixture with the same potassium—calcium ratio 
as cerebrospinal fluid but of higher concentration, was definitely not neutral 
in its effect on conditioned responses. 


DISCUSSION 


The literature summarized earlier, which describes the effects of altered central 
potassium and calcium concentration on various indices of autonomic function, 
somatomotor activity, and brain electrical activity, supports the conclusion 
that, within limits, central ionic ratios rather than absolute concentrations 
appear to be the factors which are crucial for appropriate performance of the 
c.N.S. functions reflected by these indices. Perturbations in these responses 
brought about by displacing the central concentration of one of these sub- 
stances can be nullified by appropriate manipulation of the other, or are 
opposite to those achieved by injection of the other substance by itself. 

The results of the experiments reported in this paper indicate a somewhat 
different picture with respect to the central mediation of conditioned re- 
sponses. The antagonism between central potassium and calcium which has 
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been demonstrated in the regulation of the functions listed above, and which 
was observed in the present experiments with respect to the effects of these 
substances on general behaviour in the unanaesthetized animal, could not be 
demonstrated with respect to conditioned responses. The absolute central 
concentration of these ions seems to be an important factor for the o.n.s. 
processes reflected by these measures. The present findings must be attributed 
to the potassium and/or calcium in the injections, since no definite effects on 
conditioned responses were observed after injection of equal or greater volumes 
of physiological saline. 

Avoidance responses to visual cues were more susceptible than responses 
to auditory cues, whether potassium was injected or calcium. The relative 
effects of these ions on the effectiveness of the two conditioned stimuli were in 
the same direction. Further, the differential attenuation of conditioned 
approach and avoidance responses, such that approach responses were dis- 
played while avoidance responses could not be elicited, occurred the same 
number of times with each kind of ionic injection. Position habits, that is, 
systematic errors in pattern discrimination when the stimulus was presented 


- ona given side, occurred approximately with equal frequency no matter what 


ionic materials were injected. In all cases the position errors consisted of an 
inability to respond correctly when the conditioned stimulus was presented 
on the side of the apparatus contralateral to the side of the injection. Errors 
were not made in one direction with an excitatory material (potassium) and 
in the other direction with an inhibitory material (calcium). Thus whether one 
examines the differential attenuation of avoidance responses to auditory or 
visual cues, the differential attenuation of avoidance responses and pattern dis- 
crimination, or the distribution of errors in pattern discrimination, no quali- 
tative contrast is evident between the effects of central injection of potassium 
or calcium. 7 

The effects of intraventricular cation injections on these conditioned re- 
sponses would not seem to be due to blocking of primary afferent pathways to 
the cortex, since it is known that the primary cortical responses evoked by 
peripheral stimuli are not altered by such injections (Heppenstall & Greville, 
1950). This conclusion is further supported by the cases reported here, in which 
some conditioned responses were attenuated while others, to cues of the same 
sensory modality, were unaffected, as well as by the consistent observation 
of cringing and growling in response to the presentation of conditioned stimuli 
which failed to elicit performance of the CAR. Neither do the results lend 
themselves to the interpretation that inadequate motivation or muscular 
incoordination was responsible for deficits in performance. The observed 
defects would seem rather to indicate interference at some level of the inte- 
grative processes required for appropriate performance of a particular con- 
ditioned response. 
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Our results confirm previous reports of seizures after central administra- 
tion of potassium (Cloetta & Fischer, 1930) and infrequently after calcium 
(Koenigstein, 1951), but do not support the report made by these workers of 
loss of consciousness after calcium injections. Perhaps this inconsistency 
between our observations of the effects of calcium injections and those of 
other workers is to be attributed to the consequences of CAR training on the 
state of the animals, in so far as their level of arousal is concerned. 

The circling behaviour which resulted after central potassium injection is 
reminiscent of that observed (Nathan, Aprison & Himwich, 1954) after uni- 
lateral intracarotid DFP. Analysis by these workers of central cholinesterase 
activity after such DFP administration revealed a marked asymmetry be- 
tween the heads of the caudate nuclei of the two sides. Direct stimulation of 
the caudate nuclei elicits a comparable behavioural picture. These findings 
suggest the possibility that our results are due to the diffusion of potassium 
ion to these structures, and raise the question of the role of the acetylcholine— 
cholinesterase system in the regulation of central potassium concentration. 

The reappearance of clonus in the contralateral hind limb, when animals 
were placed in the avoidance apparatus as much as 24 hr after central potas- 
sium injection, was unexpected. By this time diffusion would be expected to 
have dispersed the small amount of potassium which was injected. These 
observations indicate a surprisingly long duration of the potassium effects, 
perhaps due to local binding of some of the injected material. Whatever the 
mechanism, these observations seem to raise the possibility that the central 
potassium shifts known to occur after stimulation (Cicardo & Torino, 1942) 
may have consequences which long outlast the stimulation itself. 

Some of the effects observed during this work after intraventricular injec- 
tions of potassium mimic the consequences of intraventricular injection of 
eserine, and intraventricular injections of calcium cause some effects similar to 
those seen after intraventricular reserpine (John, Wenzel & Tschirgi, 1958). 
These and other results suggest that more or less localized central ionic shifts 
may be involved in the mode of action of certain drugs and would seem to 
merit further investigation. 

In general, the findings suggest that relatively small fluctuations in the 
concentration of potassium and calcium in the brain, which may occur in 
the intact animal because of the action of a number of possible physiological 


mechanisms, can have a pronounced effect both on learned and unlearned 
behaviour. 


SUMMARY 
1. Thirteen cats were trained to avoid shock on the presentation of visual 
and/or auditory stimuli, to discriminate visual patterns for food and to obtain 
visible food by leaping a hurdle on an elevated runway. Cannulas were chronic- 
ally implanted into the lateral ventricles of the brain and solutions of potas- 
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sium and caleium were injected through the cannulas either singly or in 
equivalent mixture. The effects of these injections on general behaviour and 
conditioned responses were observed. 

2. Potassium produced contralateral somatic motor overactivity cul- 
minating in epileptiform seizures, which could be blocked by calcium injec- 
tion. Calcium produced a dynamic immobilization which on two occasions 
slowly gave way to a generalized seizure. Injection of equivalent potassium- 
calcium mixtures usually did not produce any of the above phenomena. If 
they occurred, they were delayed and diminished. 

3. Performance of the various conditioned responses deteriorated after 
injections of potassium or calcium. Avoidance responses deteriorated more 
markedly than pattern discrimination or runway performance. Avoidance 
responses to visual stimuli were more affected than those to auditory stimuli. 
Consistent position preferences were displayed in the pattern discrimination 
task. 

4. The configurations of performance deficit were qualitatively the same 
whether potassium, calcium, or a mixture of the two had been injected, 
showing that the effects of the two ions on conditioned responses did not 
antagonize each other. 


This work was supported by Grant B-488 from the U.S. Public Health Service. 
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THE EXCRETION OF PHLORRHIZIN 


By F. A. JENNER anp D. H. SMYTH 
From the Department of Physiology, University of Sheffield 
(Received 9 December 1958) 


The earliest observation on the excretion of phlorrhizin was that of Pitkiewicz 
(1864), who observed that the urine of a subject to whom phlorrhizin was 
administered gave a strong red reaction with ferric chloride, and from this 
observation it was concluded that phlorrhizin was excreted in the urine. 
Subsequent workers (for references see Lambrechts, 1937) confirmed this 
observation, and the main question of interest was the form in which phlor- 
rhizin appeared in the urine. Only one other channel of excretion was reported. 
Delmare (1899) found that phlorrhizin administered to a lactating cat appeared 
in the milk and caused glycosuria in the young. Lambrechts (1937) made a 
very comprehensive investigation of the estimation and excretion of phlor- 
rhizin and concluded that the kidney played little part in its excretion and 
that the main fate of phlorrhizin was break-down in skeletal muscle. This 
view was based chiefly on the finding that the rate of disappearance of 
phlorrhizin from the blood was not affected by tying the renal vessels. The 
possibility of excretion of phlorrhizin in the bile does not appear to have been 
considered and the present paper deals with the appearance of phlorrhizin in 
bile after its injection into anaesthetized dogs. A preliminary account has been 
given bv Jenner & Smyth (1957). 


METHODS 


Mongrel dogs were anaesthetized with intravenous pentobarbitone sodium and the common bile 
duct cannulated as near the liver as possible. The cystic duct was then ligated at its point of 
junction with the common bile duct and one or both ureters were cannulated near the renal pelvis. 
The urine and bile were collected continuously. Blood samples were taken in a heparinized 
syringe from the femoral vein. 

After the collection of preliminary specimens of bile, blood and urine, phlorrhizin (30 mg/kg 
unless where otherwise stated) in 1% sodium carbonate solution was injected intravenously. 
Subsequently specimens of bile, blood and urine were taken at frequent intervals for estimation 
of the phlorrhizin 

Estimation of phlorrhizin 


Diazo reaction. Lambrechts (1937) applied the reaction with diazotized sulphanilic acid to 
the estimation of phlorrhizin, but concluded that the intensity of colour developed was not 
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proportional to the amount of phlorrhizin present. The technique described by McPherson (1946) 
for the estimation of histidine has now been used, and it has been found that in these conditions 
a linear relationship is shown between concentration of phlorrhizin and the extinction value. The 
reaction has a very low specificity and is given by a great many aromatic compounds, including 
various normal constituents of bile, being in fact the basis of the Van den Berg reaction. Neverthe- 
less, it has been found possible to use it in the present investigation for estimation of phlorrhizin 
in bile, because phlorrhizin appears in such large quantities that the bile can be diluted up to 
1000 times. The bile was decolorized by shaking 1 vol. bile with 1 vol. Ba(OH),, 1 vol. ZnSO, 
and 12 vol. distilled water. The Ba(OH), and ZnSO, solutions were prepared and standardized 
as described by Somogyi (1945). The decolorized filtrate was then diluted sufficiently to enable 
the McPherson procedure to be applied. The diaso method could not be Guat tor cothmeting 
phiorrhizin in urine on account of the presence of relatively large amounts of interfering 

Ultra-violet spectroscopy. Phlorrhizin in plasma was estimated as described by Lambrechts 
(1937) and in bile as described by Jenner & Smyth (1959). The direct application of ultra-violet 
spectroscopy to urine is not possible without previous chromatographic separation, on account 
of the presence of a large number of substances with high absorption in the ultra-violet region. 
The ultra-violet spectrum of phlorrhizin is almost identical with that of phloretin, but very 
different from those of phlorin, phloroglucinol and phloretic acid. 

Hydrogen peroxide reaction. This reaction was used for the estimation of phlorrhizin in plasma, 
bile and urine as described by Jenner & Smyth (1959). It is a highly specific reaction and is not 
“" by phloretin, phloretic acid, phlorin or phloroglucinol. 

y. Chromatographie separation of phlorrhizin was carried out as described by 
Peceee gv sey In the present investigation it was used for qualitative detection of 
phlorrhizin only. 

Bioassay.. Some semi-quantitative estimations of phlorrhizin were based on the phlorrhizin 
inhibition of glucose absorption from the intestine. The procedure for studying intestinal absorp- 
tion was that used by Jervis, Johnson, Sheff & Smyth (1956). Extracts of dog’s bile collected 
before and after administration of phlorrhizin were tested for their ability to inhibit glucose 
absorption from the rat small intestine. After decolorizing with Ba(OH), and ZnSO,, the bile 
was diluted to give suitable phlorrhizin trations which would produce marked but incomplete 
inhibition of glucose absorption. The effect of these solutions was tested on the absorption from 
the rat intestine of a solution of glucose 100 mg/100 ml.0-9% NaCl. 


RESULTS 


The results of thirty experiments indicated that intravenously injected 
phlorrhizin disappeared rapidly from the plasma and substances, either phlor- 
rhizin or derivatives of it, appeared in very large quantities in the bile and in 
smaller quantities in the urine. The evidence for this is presented in the 
following sections. 

Plasma 

The results of Lambrechts (1937) on the rapid disappearance of phlorrhizin 
from plasma were confirmed. The fall in concentration of phlorrhizin in plasma 
could be shown not only by ultra-violet spectroscopy but also by the highly 
specific hydrogen peroxide reaction. A few estimations in the same samples 
of plasma by both ultra-violet spectroscopy and the hydrogen peroxide re- 
action gave approximately equal values, indicating that the substance 
circulating in the blood is probably phlorrhizin. Values for the phlorrhizin con- 
centration in the plasma after phlorrhizin injection are included in Table 1 
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Bile 

Since one of the main purposes of this work was to demonstrate that bile is 
a channel for excretion of phlorrhizin, all available methods were used to 
demonstrate the presence of phlorrhizin in bile. After injection of phlorrhizin 
a substance appears in bile giving the typical ultra-violet spectrum of phlor- 
thizin. This is illustrated in Fig. 1, which shows the ultra-violet spectra of bile 
before injection of phlorrhizin (a), of bile to which phlorrhizin has been added 
(b) and of bile collected after injection of phlorrhizin (c). 


Tastz 1. Concentration of phiorrhizin in plasma and bile after intravenous injection of 
615 mg phlorrhizin in 1% sodium carbonate into a dog weighing 20-5 kg. The phlorrhizin 
values were obtained by the hydrogen peroxide method. In the case of plasma the times are 
those at which the blood samples were taken; in the case of bile the times are the beginning 
and end of the period of collecting the sample 


Plasma Bile 
Time after Phlorrhizin Time after i 
concentration concentration 
injection (mg/100 ml.) injection (mg/100 ml.) 
(min) min 
1 45-8 — 
14 14-2 0-27 604 
28 9-6 27-48 1040 
52 5-3 
137 1-7 100-138 760 
205 138-205 478 


The amounts of phlorrhizin appearing in the bile as estimated by various 
methods are included in Tables 1-5. Table 1 shows a comparison of the amounts 
present in plasma and bile as determined by the hydrogen peroxide method. 
It is seen that the concentration of phlorrhizin in bile is very much greater 
than the concentration in plasma and that large amounts are still present in 
bile when the plasma levels have fallen to insignificant values. Phlorrhizin is 
presumably taken up rapidly by the liver and continues to be excreted in the 
bile for a long time. Table 2 indicates the phlorrhizin content of bile estimated 
by three different methods. The highly specific hydrogen peroxide method 
gives the smallest values, and the very unspecific diazo reaction the highest. 
Moreover, in the earlier samples of bile the values given by different methods 
are much closer than in subsequent samples. This suggests that part of the 
phlorrhizin undergoes some change after injection into the body and that 
various derivatives are formed which are excreted into the bile. As more of 
these substances are formed their concentration in the bile increases. Table 3 
shows the results of the semi-quantitative bio-assay. This shows clearly that 
after administration of phlorrhizin some substance appears in the bile which 
prevents absorption of glucose from the intestine. 

Chromatograms of bile after administration of phlorrhizin showed the 
presence of a spot with a R, value similar to that for phlorrhizin. This spot was 
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seen to fluoresce in ultra-violet light, became intensely blue after spraying 
with 2% aluminium chloride in ethy! alcohol and also gave the typical brown 
colour produced by phlorrhizin after spraying with the diazo reagents. Three 
other spots of much weaker intensity were also usually seen, suggesting that 
a number of derivatives of phlorrhizin were probably present. No attempt 


0-75 


Optical density 


250 270 290 310 330 350 

Wave-length (my) 

Fig. 1. Ultra-violet absorption spectra of a filtrate of bile (a) collected before injection of phlor- 
rhizin; (6) collected before injection of phlorrhizin, but to which phlorrhizin had been added 
after collection; (c) collected after intravenous injection of phlorrhizin. The amount of 
phlorrhizin injected was 30 mg/kg. In all cases 1 vol. bile was added to 750 vol. ethanol and 
filtered. In the case of (6) a 2 mm solution of phlorrhizin was added to the bile after collection, 
so as to produce a final concentration of phlorrhizin of 0-15 10-*m in the ethanol extract. 


TaBLE 2. Values obtained from two experiments for phlorrhizin concentration in bile estimated 
by the hydrogen peroxide method, the U.V. spectrum and diazotized sulphanilic acid 
Phlorrhizin concentrations (mg/100 ml. 


Times of r ‘ 

sample o sulphanilic 
Experimental conditions (min) peroxide U.V.spectrum acid 
250 mg phlorrhizin injected into 0-20 286 294 329 
20 kg dog 20-35 393 720 777 
35-108 333 594 784 
108-220 197 374 408 
130 265 329 
1000 mg phlorrhizin injected into 0-27 604 609 772 
24 kg 27-48 1040 1306 1333 
48-62 1020 1306 1370 
62-99 942 1306 1380 
99-138 760 1240 1340 
138-205 478 726 757 
205-262 235 435 500 
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was made to identify these and it is probable that they are responsible for 
the discrepancies between the amounts of phlorrhizin estimated by the 
different reagents shown in Table 2. 


Tastx 3. Effect of extract of bile from phlorrhizinized dog on glucose absorption from rat 
intestine. The phlorrhizin content of bile was determined by the hydrogen peroxide method 
and the bile was then diluted so as to contain 10-*m or 2 x 10-m phlorrhizin. The sevond 
column of figures shows the inhibition of glucose absorption expected from the figures given 
by Jervis et al. (1956), and the third column shows the inhibition observed 

Phlorrhizin Expected Observed 
concentration inhibition inhibition 
in diluted of glucose of glucose 
sample of bile absorption i 
() 


Condition of bile collection (%) (%) 
Before phlorrhizin injection 0 0 0 
0 0 2 

After intravenous injection of 2x10 40 60 
phlorrhizin 2x10" 40 38 
47 75 

10-* 47 45 


Tasie 4. Comparison of the phlorrhizin concentrations of bile and urine in a 10 kg dog given 
phiorrhizin 300 mg 1.v. Phlorrhizin was estimated by the hydrogen peroxide method 


after phlorrhizin Phlorrhizin concentration (mg/100 ml.) 
administration — A 


(min) In urine In bile 
0-30 260 624 
30-45 200 936 
45-70 130 998 
70-100 50 740 
100-120 26 714 


TaBLE 5. Recovery of intravenously injected phlorrhizin in urine and bile: 
phlorrhizin was estimated by the hydrogen peroxide method 


Phlorrhizin recovered (mg) 
Duration of Phlorrhizin % of 
Wt. of dog t given injected 

(kg) (hr) (mg) Bile Urine Total dose 
20-5 6 600 310 88 398 66 
13-5 3 450 75 44 119 26 
12-5 1 1000 59 34 93 9 
13-5 2 270 83 34 117 43 


Urine 

After administration of phlorrhizin a substance appears in urine which 
gives the hydrogen peroxide reaction for phlorrhizin. The concentration is 
very much smaller than that in bile (Table 4) and the total amount excreted 
in urine is also considerably less than the amount excreted in bile in the same 
period (Table 5). Application of paper chromatography to urine also showed 
the presence of phlorrhizin. A number of other spots were also found and one 
| of these always appeared in relatively high concentration although smaller 
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than that of phlorrhizin. No attempts were made to identify this spot, but it 
might well be the phlorrhizin glucoronide described by Braun, Whittaker & 
Lotspeich (1957). 


Quantitative recovery of injected phlorrhizin 

It would be of interest to know how much of the injected phlorrhizin can 
be quantitatively recovered from the bile and urine. The data obtained in these 
experiments do not give a definite answer to this problem, because (1) the 
excretion of phlorrhizin in the bile continues for a very long time, and phlor- 
rhizin was always still present in the bile at the conclusion of the experiment, 
i.e. 7 or 8 hr after injection; and (2) quantitative estimation in the urine only 
includes substances giving the hydrogen peroxide reaction, whereas chromato- 
graphic studies suggest that other derivatives of phlorrhizin are present. The 
recoveries from the bile and urine are therefore bound to be incomplete and 
the values given are certainly minimal figures. Nevertheless, these figures are 
of some interest and are given in Table5. A number of experiments are included 
here, which are not comparable with each other as different amounts of 
phlorrhizin have been given. In the various experiments, however, the amounts 
recovered are of the following order—after 1 hr 10%, after 2 hr about 40% 
and after 6 hr about 60%. These figures make it probable that excretion of 
phlorrhizin in bile and urine accounted for most of the injected phlorrhizin. 


Effect of phlorrhizin on bile formation 
In studying the effect of phlorrhizin on the concentration of glucose in the 
bile, Jenner & Smyth (1956) noted a strong choleretic effect. This effect has 
been confirmed in the present experiments, and since details have not previously 
been published the results of one experiment are given in Fig. 2. It is seen that 
the choleretic activity of phlorrhizin comes on quickly and lasts for a number 


of hours. In fact it was usually still apparent at the conclusion of the experi- 
ment 6-8 hr later. 


DISCUSSION 


The results show that, under the experimental conditions used, large amounts 
of injected phlorrhizin appeared in the bile. Lambrechts (1937) attributed his 
finding, that the fall in concentration of phlorrhizin in plasma was not affected 
by ligature of the renal vessels, to break-down of phlorrhizin in muscle. A much 
more likely explanation, however, is that phlorrhizin was excreted in the bile. 
While our results indicate that phlorrhizin passes into the bile in larger amounts 
than into the urine, this possibly only occurs under the particular experi- 
mental conditions used in this investigation. Excretion in the urine may be 
more important in physiological conditions, where the rate of glomerular 
filtration is likely to be greater than in acute experiments on anaesthetized 


re-al 

the 
in th 

in 
fin 
ha 
us 
th 
bo 
(B 
th 

0 
| su 


PHLORRHIZIN EXCRETION 569 


animals, and also where some of the phlorrhizin passing into the bile may be 
re-absorbed again by the intestine. 

We have shown that phlorrhizin has a choleretic effect in dogs, increasing 
the rate of bile flow by about three times. This is in keeping with its excretion 
in the bile in large amounts. Bizard & Vanlerenbergh (1956), in an extensive 
review, have stressed one feature of all choleretic substances, namely that 


E 
1 2 3 4 5 6 
Time (hr) 


Fig. 2. Effect of phlorrhizin on the rate of bile flow. At the arrow the dog 
received an intravenous injection of phlorrhizin 0-49 g. 


they are rapidly taken up from the blood stream and then more slowly excreted 
into the bile. The results presented here with phlorrhizin conform with these 
findings. The same authors, considering the chemical structure of choleretics, 
have pointed out that the presence of a phenyl group (and particularly of 
more than one phenyl group) and of several OH groups in the molecule is 
usually associated with choleretic activity. The phlorrhizin molecule possesses 
these features and furthermore in its enolic form contains an unsaturated 
bond in the carbon chain which also appears to enhance choleretic activity 
(Bizard & Vanlerenbergh, 1956). 

Braun et al. (1957) have shown that phlorrhizin administered to unanaes- 
thetized dogs is excreted in urine both as phlorrhizin and as the glucuronide. 
Our results are in agreement with this in showing that while phlorrhizin as 
such appears in both urine and bile, other derivatives may also be present. 
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The chromatograms prove that phlorrhizin is present as such, and this is 
supported by the results of other tests. Although the hydrogen peroxide test 
is highly specific for free phlorrhizin it is not known in fact whether it does 
react with various phlorrhizin derivatives, such as glucuronides, or whether 
such phlorrhizin derivatives have the same effect as phlorrhizin in preventing 
absorption of glucose from the intestine. Booth, Jones & De Eds (1958) have 
studied the urinary excretion of phlorrhizin in rats and have shown that a 
series of derivatives is produced, a finding which is also consistent with our 
results. 

No suggestions can be offered as to the mechanism by which liver cells 
concentrate phlorrhizin. Since a high concentration gradient is built up, 
presumably energy from metabolism is required for the process. It is clear 
that this process is not inhibited by the very large amounts of phlorrhizin 
which must be present. In the case of the intestine, Parsons, Smyth & Taylor 
(1958) have suggested that the action of phlorrhizin in inhibiting glucose 
transport is probably not dependent on its effect on metabolism, but on the 
other hand, depressed metabolism may inhibit other transporting mechanisms 
such as that for water. High concentrations of phlorrhizin undoubtedly inhibit 
oxidative metabolism, as has been shown by Fleischmann (1937), Shapiro 
(1947), Lotspeich & Keller (1956), Parsons et al. (1958) and others. It is certain, 
however, that the phlorrhizin-concentrating processes in the liver cells are not 
phlorrhizin-sensitive, and until more is known of these processes it seems use- 
less to speculate further on their relation to metabolism and to phlorrhizin 
inhibition of metabolism. 


SUMMARY 
(1) Phlorrhizin injected into anaesthetized dogs appears in large amounts 
in the bile and to a lesser extent in the urine. 
(2) In bile and urine phlorrhizin is present partly as such, but also in the 
form of various derivatives. 
(3) Phlorrhizin has a strong choleretic effect. 
(4) The significance of these findings is discussed. 
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THE EFFECT OF AGE, BODY SIZE AND LUNG VOLUME 
CHANGE ON ALVEOLAR-CAPILLARY PERMEABILITY AND 
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The published figures for diffusing capacity for carbon monoxide (Deo) in 
normal human lungs show a wide scatter even for the same method. Minimum, 
maximum and mean values for six or more normal, resting, seated subjects 
by the single-breath D.. method have been recently reported as follows: 
11-0, 37-5, 24-0 (Ogilvie, Forster, Blakemore & Morton, 1957); 12-0, 22-0, 
16-8 (Bates & Pearce, 1956); 18-3, 41-9, 27-9 (Lewis, Lin, Noe & Komisaruk, 
1958); 14-5, 30-1, 23-9 (Curtis, Bauer, Loomans & Rasmussen, 1958); 21-5, 
37-3, 30-2 (Marks, Cugell, Cadigan & Gaensler, 1957); 14-4, 33-6, 24-8 (Shep- 
hard, 1958); 18-0, 39-0, 30-0 (Forster, Roughton, Cander, Briscoe & Kreuzer, 
1957). This variation is to some extent due to errors of method and minor 
differences in technique. Since, however, Deo estimates the capacity of the 
alveolar-capillary membrane of the lung as a whole to transfer CO, differences 
in area of membrane between persons may account for a large proportion of 
the total variation. 

Few authors have made any attempt to allow for body size; some have 
corrected by expressing Do values per unit surface area (e.g. Marks et al. 1957). 
The true graph, however, is almost certainly curvilinear over the full range of 
surface area and therefore greater accuracy can be obtained by applying a 
regression equation. This has been done by Ogilvie et al. (1957) whose equation, 
discussed below, is supported by published values which have been reviewed 
by Forster (1957). . 

The effect of age on Deo has also been reviewed by Forster (1957) who found 
the evidence inconclusive, although Cohn, Carroll, Armstrong, Shephard & 
Riley (1954) had reported a significant relationship between age, height and 
maximal Do». 

Evidence is presented in this paper that Doo depends on age as well as on 
body size, but that the permeability, ‘k’ of Krogh (1915), which also depends 
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on age, appears to be independent of body size. On this account, and because 
it is more reproducible and more easily measured, it appears to be a superior 
index to Deo. 

In addition to the wide variation for the same method, most authors (Bates 
& Pearce, 1956; Marks et al. 1957; Forster et al. 1957; Shephard, 1958), 
have reported higher values, ranging from 12 to 62°, more for breath-holding 
than for steady-state Deo, for the same subjects. With the aim, among others 
of explaining this disagreement, the effect was investigated of changes in 
lung volume on k& and on Deo. 


METHODS 


The permeability and diffusing capacity were measured in thirty-nine normal male persons by the 
single-breath method of Krogh (1915) using a portable box-bag apparatus (Thomson, 1958). The 
accuracy of this apparatus appears to be at least as great as for non-portable forms. 

The single-breath D,, method and the instruments used for gas analysis have been described in 
fall by Ogilvie ef al. (1957). Briefly, the subject exhales fully into the box and then inspires the 
test-gas mixture (He 14; CO 0-28; O, 20; N, 65-72%) from the inspirate bag. The breath is then 
held for 10 sec and a rapid deep expiration is made, of which the first 750 ml. is discarded into 
the box and the remainder, the alveolar sample, is collected in the expirate bag. Analysis of 
expirate and inspirate is then made using a katharometer for He and an infra-red analyser for CO. 

The katharometer is sensitive to CO,, which must therefore be absorbed before He determina- 


(equation (1) below). In calculating D,, a correction factor of 5% has been allowed for oxygen 
consumption after correcting the inspired volume to 8.T.P.p. It should also be noted that calibra- 
tion of the instruments is not critical when, as in these calculations, ratios and not absolute 
values are required. In all but three subjects the tests were made in duplicate and repeated if 
duplicates differed by more than 10%. The subjects were invariably seated in this and the follow- 
ing trials. 

In eight persons we ascertained the effect on k and D.,, of altering alveolar volume (V,) over 
the widest range possible, ic. from total lung capacity to residual volume (RV) +1200 ml., 
comprising 750 ml. required to wash out dead space and 450 ml. for analysis. Determinations 
were carried out in duplicate on successive days, as in the first study above, but according to a 
prearranged plan where V, was randomized with time. On the rare occasions when more than 
two determinations were made on one day an interval of several hours separated the additional 
measurements, to allow blood carboxyh globin to return to within the normal range. 

Krogh’s permeability (k) is the time constant of the exponential decay of CO concentration ; 
during breath-holding. 


from which 


Pao = Fy, 
Fi Ay, Fig Fagg ate respectively concentrations of He and CO in inspirate and expirate; 
t = time in minutes from beginning of inspiration to time at which expired gas sample was col- 
lected. The diffusing capacity was then found from 
V4.k 
Doo = BP. 
where B.P. = barometric pressure in mm Hg; V4, = lung volume in millilitres derived from a 
37-2 


ml./min x mm Hg: (2) 


ne Tree gas then passes through the imira-red ar VSer. YO COFTecuIon nereiore 
required when calculating k since the correction factor appears in numerator and denominator 
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single-breath He dilution technique, which estimates the volume reached by CO during the 
diffusion process (Vi, = V.F,,/Fu,,); V is the inspired volume corrected to 8.T.P.D. and for 
O, consumption. 

It has been recommended (Forster, Cohn, Briscoe, Blakemore & Riley, 1955) that alveolar 
volume (V,) used in calculating D,, should be taken as V + RV where RV is the residual volume 
determined by a multibreath method. (Strictly, the anatomical dead space should be subtracted 
from V + RV to give V,). 

Although in six subjects RV has been determined by a closed-circuit helium-dilution method 
(Bates & Christie, 1950), the single-breath values have been used throughout this paper and have, 
therefore, been denoted V4, RV’ and D,.. 


RESULTS 


In Table 1 the physical characteristics of thirty-nine normal male subjects are _ 


listed. The values given for V',, RV’, k and Dj, are the mean of two or more 
measurements in all but three subjects. In six subjects (numbered as in 
Table 1) the following values (litres) for RV were found by the multibreath 
method, nos. (3) 1-40; (15) 1-62, 1-34, (mean 1-48); (16) 1-54; (20) 1-72; (25) 
2-95, 2-40, (mean 2-68); (35) 2-07. As expected there is close agreement (within 
8%) between V, and V‘, (Table 1) in these normal subjects. There is no 
reason to believe that any conclusion reached in this paper would have been 
altered by using multibreath values. 

Multiple regression analysis of the relationship between D, and age and 
body surface area (SA) gave a highly significant result (variance ratio = 34-89, 
degrees of freedom 2 and 36) 


Di, = — 0-289 x Age + 24-246 x SA — 3-405 (3) 


The coefficients of both age (¢ = 6-342, P < 0-001) and S ‘* = 4-307, 
P < 0-001) terms contributed to the significance of the resu:. in Fig. 1 
values of Dj, have been plotted against age, together with the regression lines 
corresponding to equal increments of SA, in an attempt to illustrate the inter- 
relationship between the three quantities. 

The effect of age and of V’, on k was simultaneously examined and was also 
found to be highly significant (variance ratio = 24-00, degrees of freedom 2 
and 36) k = —0-038 x Age—0-035 x V’, +5-986. However, this was entirely 
due to the k-versus-age correlation (¢ = 6-709, P < 0-001); the efficient of 
V', did not differ significantly from zero (t = 0-272, P > 0-8). 8 k& was 
independent of V', where V‘, (as in this method) approximated t ! lung 
capacity. When k was corrected for age and then plotted agains, 5A, there 


was no evidence of any relationship. The regression of k oii age then 
becomes 


k = —0-038 x Age + 5-780. (4) 
In Fig. 2 values of k have been plotted against age and the regression line 
given by equation (4) drawn through the points. (Distinction is 1. de in this 
figure and in Fig. 1 between smokers and non-smokers. There is no obvious 
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effect of smoking.) In normal adults k may therefore be predicted from 
equation (4) or D,, from equation (3). We have calculated the residual varia- 
tion about the regression in both equations and found the coefficients of varia- 
tion to be 18:3% for D,, and 14-9% for k. Thus the predictive accuracy is 


greater for k than for ae 


TasLe 1. Lung function measurements and physical characteristics of thirty-nine 


Subject (yr) 
l 150s 44-5 
2 16 
17 750 
4 17 865 
5 17 7&5 
6 17 650 
7 is 79-0 
69-5 
9 22 66-0 
10 22 645 
ll 23-155 
12 24 780 
13 27 666-0 
14 28 725 
15 «79-0 
16 32 725 
17 
18 35 105 
19 36 — 
20 «98-0 
21 380 
22 
23 Al 66-0 
79-0 
25 etl 71.0 
26 5L 
27 538 72-0 
28 57. 68-0 
29 58 « 49-0 
30 60 525 
31 62 70-0 
32 63s «88-5 
33 63 77-0 
34 65 ¢ 82-0 
35 66 64-5 
36 6? 54-5 
37 46-0 
39187079 74-5 
Mean 43° 


The forms ‘,\(1nean alveolar volume) RV’ (mean residual volume) and D¢o (diffusing capacity) 


Age Weight Height SA 
(kg) (cm) 


Zz 


3 
RSE 


1-81 


male subjects 

Vital , 
capacity V, 

(ml.) (ml) 
2750 
3250 3950 
4280 6520 
4400 5360 
4800 5310 
4600 5430 
4900 6040 
4800 5620 
4200 5010 
4900 6330 
5070 6680 
4950 5700 
4250 4820 
3900 5050 
4180 5460 
3450 4600 
4100 5270 
3750 4660 
4050* 5820* 
3500 4730 
4700 6840 
3550 5830 
3650 5260 
4300 5630 
4950 6880 
3650 4780 
4300 5840 
2800 3880 
3150 4270 
3600 4840 
2450*  3960* 
2800*  4540* 
3800 6260 
3150 864540 
3350 5260 
2400 3740 
3530 210 
2550 
2500 4210 
3827 5161 


RV’ 
ml. 


1506 


(min~*) min x mm Hg) 


5-14 


5-24 


4-27 


28-90 


are used to indicate that these values are based on the method of single-breath He dilution. 


* Single observations. 


The effect on k and Di, of changing V's 
The abwye results have been obtained for different subjects, measured at 
maximum V’,. Figure 3 shows the effect on k and Dj, of deliberately changing 


a Mean k Mean D6, (ml./ 
155 | 24-90 
780 4-31 21-70 
1360 4-25 30-35 
1060 5-40 37-20 
640 5°57 41-50 
980 4-96 37-80 | 
780 42-80 
1260 B89 42-40 
900 6-34 40-70 
1530 5-20 42-40 
1650 5-56 47-00 
1480 34-30 
| 840 4638 28-60 
1220 478 31-10 
| 1480 26-80 
1170 4-44 26-40 
1320 4-96 33-45 
-86 1340 4-05 26-40 
1770* 4-11* 26-80* 
1450 4-52 27-86 
220900 45-90 
2400 23-70 
1680 22-00 
1480 33-61 
2230 32-50 
1200 22-40 
1840 32-33 
1270 22-20 
1370 18-90 
1700 17-25 
1510* 20-80 
1760* 18-83* 
2580 24-35 | 
2120 23-68 
1970 28-25 
1820 20-77 
1850 15-10 
1920 17°34 
1700 16-90 
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Fig. 1. Relationship between diffusing capacity, age and body surface area for thirty-nine male 
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Fig. 2. Relationship between permeability (k) and age for thirty-nine male subjects. Single ce 
observations, (1); mean of two or more observations, ©. Solid signs indicate smokers. 
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V, over the widest possible range for each of eight normal subjects. In most 
eases the graphs appear to be divisible into two portions at a point v in the 
neighbourhood of 51. > Vi, > 41. Krogh (1915), Boje (1933) and Wilson, 
Evans, Johnson & Dempsey (1954) postulated a biphasic graph of this kind, 


‘af 3 and, 9 
6r ° “a > ° 
4 ° 
= 4 
12 15 20 
= ° % o of, + 21 
45 
14 26 35 
39 
12 
33 
10 - 
15 
| Va (1) | 


Fig. 3. The effect of changing lung volume on k (open circles) and D/, (solid circles) in 
eight subjects (numbered as in Table 1). Lower right, interpretatory diagram. 


and although we have not been able to show that the two parts differ signifi- 
cantly from each other, their work, together with the apparent recurrence of 
this feature in six out of the eight individuals in this group, strongly suggests 
that they do. 

At present the basic form, or forms, of these graphs cannot be decided with 
certainty. Two graphs which may represent the true (k, V',) relationship have 


4 
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been drawn in Fig. 3 (lower right) together with the corresponding (D,.,V,), 
graphs (Di, = k V',/713). There is theoretical justification, discussed below, 
for the heavy-line graph which, to the left of v, has the reciprocal form 
= 6/(V', —1), and to the right of v, the form kK—3 = 1-38 (V4, —1)t. 

The linear graph k = —1-5V, +12, in the first phase, produces the some- 
what unexpected inverted U-shaped Dj, graph, similar to that found in nos. 3 
and 20 of Fig. 3. The reciprocal form has been prolonged to the right of v: 
this appears to fit best the graphs of subject no. 9 in this range. 

From a practical point of view measurements of k will give best reproduci- 
bility at maximum V’,; a slight departure from maximum should not intro- 
duce serious error. 

The form of the (D/,,, V‘,) graphs is more variable than that of the (k, V',) 
graphs because the conversion involves the direct factor V', which is always 
greater than unity. The curve to the left of v generally rises with V4; that to 
the right of v rises more rapidly. By contrast with k, therefore, dependence of 
Deo measurements on the achievement of a maximum inspiration is critical. 
The general form is in agreement with Shephard’s (1958) results in two 
subjects. 

The scatter about the mean value of points within 1 |. of the maximum V’, 
attained for each subject has been calculated for k and Dj, so as to compare the 
effect on the accuracy of measurement of these indices of failing to secure 
maximum inspiration. Mean coefficients of variation for eight subjects were 
4-6% and 8-6% for k and Dj, respectively. Although the number of points 
was small these were, without exception, higher for D),, than for k and the 
difference was, therefore, highly significant. 

The eight subjects have been arranged in Fig. 3 in order of increasing age 
from no. 3 to no. 35. Effects which appear to be attributable to age are, 
diminution of volume range, a decline in the reproducibility of the results and, 
as has already been shown in the group of thirty-nine subjects, a fall in k at 
maximum V’,. 

Marshall (1958) showed in one subject that Deo by single-breath method at 
V, = total lung capacity was higher than at V‘, = functional residual 
capacity and concluded that the difference between steady-state and single- 
breath Deo was due to the different lung volumes at which the tests were 
carried out. The mean Dj, of our eight subjects at total lung capacity was 
34-5 and at estimated functional residual capacity was 26-3 ml./ min x mm 
Hg. The mean increase (31%) is close enough to that of the values reported 
above in the introduction (39%) to confirm this explanation. 
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DISCUSSION 


There is fairly good agreement between the rise of Doo with surface area given 
here and that given by Ogilvie et al. (1957), where they predict Doo from sur- 
face area only 

Deo = 18:85 x SA—6°8. 
The regression of D.. on SA from our results becomes 

Deo = 27:12 x SA— 20-26. 


The agreement is better if the results of three children (aged 8, 10 and 10) 
in the values of Ogilvie et al. (1957) are excluded. 

Cohn et al. (1954) found a significant effect of age and height on maximal 
(exercise) diffusing capacity for oxygen, 


Do, = 9-67 x Height — 0-55 x Aye — 40-9. (5) 


Since the membrane offers only about half the total resistance, as has been 
shown by Roughton (1945) and Roughton & Forster (1957), the factor 
Do, = 1-23 Deo should not be used, and on this and other grounds the co- 
efficients in equation (5) would not be expected to agree closely with those 
reported in this study in equation (3). 


Estimating diffusing capacity of the diseased lung 

On one point all authors seem to agree, that multibreath and not single- 
breath V, should be used in calculating breath-holding Deo. The rationale 
for this is not at first sight clear. Alveolar volume by multibreath method will 
_ exceed that obtained by single-breath He dilution by a quantity which will 
depend on the uniformity of ventilation. For simplicity this may be visual- 
ized as a separate volume X. The membrane of the extra volume X is avail- 
able for diffusion if ventilation and perfusion could be improved and is 
probably of some respiratory value, even with the existing ventilatory defect, 
under the more natural, steady-state conditions. The existing practice would 
make allowance for this membrane as though its permeability were equal to 
that of the well-ventilated space, i.e. the measured k. (Incidentally the volume 
of the anatomical dead space has been similarly credited in the modified 
method (Forster et al. 1955; Ogilvie et al. 1957)). Whether this is so will depend 
on the nature of the abnormality. Thus Deo based on V, +X is likely to be a 
maximum and on V, a minimum. 

In the same circumstances & would estimate a mean permeability per unit 
area of the well-ventilated space V’,. This might well be a more useful index 
than Deo in the abnormal lung. If, however, the total capacity to transfer gas 
is required, the clinician may use, for calculating Deo, V's together with that 
fraction of X which is most applicable having regard to the nature of the 


i 
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disease. In bronchospastic disease V’,+X would yield the best estimate of 
Deo; in emphysema this would not necessarily be true. 


Cause of the fall in k with age 

A change in specific permeability of the membrane is only one of the factors 
which may be causally related to the fall in k with age. The cause may be in the 
blood component of resistance; it may be a reduction in area of blood-gas 
membrane per unit volume due to a fall in the number or diameter of func- 
tioning capillaries, or coalescence of a number of alveoli into one chamber 
with loss of diffusing surface. Increase in membrane thickness would have 
the same effect. 


Changes in k within individuals at different lung volumes 

The reciprocal phase. To the left of v (Fig. 3) the relationship between k and 
V', appears to be reciprocal in the majority of cases, as suggested above. This 
will be so if PA/H is constant. The specific permeability of the membrane 
(P) is unlikely to alter over the test period and, since the order of tests was 
randomized, any such effect would have been eliminated. The consensus of 
opinion (Krogh, 1915; Macklin & Macklin, 1944; Wilson et al. 1954) is that 
over this range of V’, the alveoli are collapsing with their sides falling together, 
and, if this is true, A/H (area/thickness) would be constant. Again, A/H 
would be constant if the intercapillary areas shrank leaving the area of blood- 
alveolar membrane unchanged. 

Since the (k, V‘,) curves appear to be asymptotic at positive k and Vy 
values, the reciprocal equation would then have the following general form 

PA 

The thick line in Fig. 3 (lower right) to the left of » is a specific case of this 
equation. C, is an irreducible lung volume which seems in most cases to be 
about one litre; C, is a portion of k which is constant and associated with the 
volume C,. The occurrence of these minima could be explained if, in addition 
to the expansible portion of RV, there was a relatively inexpansible respiratory 
part of volume C, of which the & was constant and equal to C,. The diffusing 
capacity (k—C,) (V_,—C,) of the expansible lung would then b: constant and 
equal to PA/H over the reciprocal phase, provided such variables as exercise 
and posture were controlled. 

The second phase. Krogh (1915) suggested that k remained constant above 
mid capacity. The results presented here confirm this but suggest the com- 
mencement of a second phase at a value of V’, between 4 and 5 1., a volume 


; considerably above mid capacity. The present results indicate the dependence, 
in this second phase, of k on A and H such as would be the case when the 
alveolar walls were stretching, as opposed to folding, which was characteristic 
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of the first phase. It can be shown that when a spherical alveolus expands in 
such a way that the volume of the investing membrane remains constant, 
the reduction in thickness more than compensates for the decrease in k 
associated with decrease in area/unit volume. The net result is that k increases 
approximately with the radius (r), or the cube root of the volume, where 
membrane thickness is small compared with the radius. Thus the (k, V’,) 
relationship for lung volumes greater than v has been me rep in Fig. 3 
by one of the family of curves 


k—C, = C,(V,—C,)4 (6) 


since roc (V, —C;,)*. Here C;, is a constant equal to PA/H (v—C,)!, found by 
substituting in (6) the k, V, values common to both curve phases, i.e. at 
=v. 

It should be pointed out that k, like Deo, depends on gas uptake in the blood 
as well as on transfer across the membrane. The above discussion is limited to 
membrane effects. In general the investigation supports the theory that in any 
individual there is a specific lung volume (about 4-51. for male adults) below 
which the alveolar membrane collapses, its physical condition remaining 
unaltered, and above which the membrane stretches. 


SUMMARY 


1. In thirty-nine normal males aged 15-75 there was a highly significant fall 
in alveolar-capillary permeability with age (k,,= —0-038 Age+5-8). A highly 
significant multiple regression was also obtained between age, surface area 
and Doo, based on single-breath helium-dilution lung capacity determination 
(Deo = —0-29 Age +24 SA—3-4). Even when corrected for surface area the 
predictive accuracy of Deo was less than that of k. 

2. In eight subjects at lung volumes (V,g up to 11. from maximum the 
(keo, V,) relationship appears to be reciprocal, consistent with constant area, 
thickness and specific permeability of the membrane. 

3. Within 1 1. of maximum ko was relatively independent of V,, as would 
occur if the membrane were stretching: by contrast, Deo was critically depend- 
ent on V, over this range. This adversely affects the precision of Deo deter- 
mination. In calculating Deo, V, appears as a direct multiplier and therefore 
the (Deo, V,) relationship shows a more variable form than does (keo, V4). 

4. In addition to being independent of body size and relatively reproducible 
at maximum V,, the use of k has the advantage that it avoids the measure- 
ment of lung volume with the laborious corrections for temperature, pressure 
and oxygen consumption. It is concluded that k is a better index than Doo. 


We are very grateful to Professor G. P. Crowden and to Dr P. Armitage for advice, to the staff 
of the School who acted as subjects, and to the University of London Central Research Fund for 
& grant for apparatus. 
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During the past few years there has been a revival of the controversy as to 
the relative merits of oxygen and of oxygen-carbon-dioxide mixtures 
(93% 0,+7% CO,, or 95% 0O,+5% CO,) in resuscitation from carbon 
monoxide poisoning (Marriott, 1955; Hill, 1956). This debate has stimulated 
a renewed interest in the effects of carbon monoxide on man, and has therefore 
prompted us, in the present paper, to describe and discuss a number of obser- 
vations, made in 1944 and 1945, on the prolonged effects of carbon monoxide 
on vision. The data have not hitherto been published in any detail, though 
they were presented verbally in preliminary form in 1947 (Halperin, Niven, 
McFarland & Roughton, 1947). The data, now to be reported, were obtained 
in the latter stages of a research project by McFarland, Roughton, Halperin 
& Niven (1944), the earlier results of which were published in full at the time. 

In this paper McFarland, Roughton, Halperin & Niven compared the 
effects on visual discrimination of the anoxia produced (i) by mild degrees of 
carbon monoxide poisoning (i.e. carbon monoxide anoxia) and (ii) by hypoxic 
anoxia caused by breathing gas mixtures containing subnormal partial pres- 
sures of oxygen. The apparatus used in their tests was the visual discrimi- 
nometer of Crozier & Holway (1939), which proved especially suited for 
studying quantitatively the effects of anoxia on normal men (McFarland, 
Halperin & Niven, 1944). The same procedure was also used for the observations 
recorded in the present paper and is briefly described later. With this method 
McFarland, Halperin & Niven found that the ‘immediate’ effect of a given 
amount of carbon monoxide in the blood was about the same as that produced 
by an equivalent amount of oxygen unsaturation in the arterial blood, the 
effect of the carbon monoxide anoxia being roughly twice as great as in many 
other physiological tests. They did not, however, examine closely the time 
course of the effects of carbon monoxide anoxia on visual discrimination. But 
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a study of their data from this point of view suggests some significant 
differences from the effect of hypoxic anoxia. In the present paper it is shown 
that the difference between the two types of anoxia becomes very manifest 
when the time course of recovery from each of them is compared. The effect of 
carbon monoxide is found, indeed, to persist for a remarkably long time, even 
when compared with its slow rate of disappearance from the blood, whereas 
the recovery from the visual effects of hypoxic anoxia takes place within 
a few minutes when 100% oxygen is breathed. Prolonged effects of carbon 
monoxide have often been observed clinically and specific histological lesions in 
the central nervous system have also been seen in post-mortem examinations 
after deaths from carbon monoxide poisoning. The experiments to be described 
in the present paper, on the effects of breathing oxygen at various pressures 
during the recovery period, not only support this concept qualitatively, but 
also give some direct quantitative indication that carbon monoxide, in addi- 
tion to its interference with the unloading of oxygen from the blood to the 
visual and central nervous systems, may also inhibit competitively some 
enzyme or other essential element in one or both of these systems. 


METHODS 
The Crozier-Holway discriminometer 
The procedure in the use of this instrument was briefly as follows. The subject sat in a darkened 
room and looked with one eye into a microscope ocular. He saw a large circular field, uniformly 
illuminated at an intensity corresponding to about 0-002 f.c., i.e. that of moderate moonlight. 
The centre of the field contained a small point of red light to serve as a fixation point. Just below 
the latter a 1 x 1° object was presented in flashes of 0-1 sec, and the least intensity distinguishable 
against the dim background was determined as the mean of ten measurements in each test. 
The maximum diameter of the light beam at the eye ring of the ocular was smaller than the 
natural pupil and thus served as an artificial pupil. The stimulus fell on the fovea and only cone 
vision was involved. With well trained subjects the results obtained were remarkably repeatable 
over a 4-hr period, and although they varied from day to day (presumably with the general 
condition of the subject) the comparative effects of different factors such as carbon monoxide 
anoxia and hypoxic anoxia were pretty constant. The subjects used for many of the tests in the 
previous paper of McFarland, Halperin & Niven (1944) and for all the additional tests described 
in the present paper, were four young men in the 16-25 year age group, with no physical or ocular 
abnormalities. They were thoroughly trained in the tests, experience having shown that numerous 
experiments on a few well trained subjects gave more reliable results than few experiments on 
numerous, inadequately trained subjects. Owing to lack of time, only one of the four subjects 
was used intensively for some of the special points investigated below, but it had already been 


found that his responses were generally very close to the average of the responses of the other 
three subjects. 


Administration of gas mixtures and withdrawal of blood samples 
The usual duration of an experiment was from 3 to 4 hr, throughout which the subject wore 
a closely fitting oro-nasal mask, to which various gas mixtures were admitted. Visual determina- 
tions were made at 10-min intervals throughout the experiments. For the study of hypoxic anoxia 
normal air was replaced by nitrogen-oxygen mixtures, with oxygen percentages ranging from 
16 to 9% atmosphere, thus producing simulated altitudes ranging from 7000 to 20000 ft. (2134- 
6096 m). Measured amounts of pure carbon monoxide (ranging from 100 to 300 c.c.) were 
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administered slowly into the intake tube of the mask, resulting in the absorption of about one half 
of the carbon monoxide administered. During recovery from the anoxia, the subject breathed 
air, oxygen or ‘carbogen’, consisting of 93% O, +7% CO,. No actual visual determinations were 
made on tho subjects whilst they were breathing carbogen, since the respiratory movements 
induced by the latter interfered with foveal fixation; instead, the visual determinations were 
made with the subjects breathing 100% oxygen just after the carbogen. The subjects were not 
told what gas mixtures they were breathing, nor of the time when the changes were made: only 
in the case of carbogen were they aware of the change since it was impossible to conceal from them 
the effects on their own respiration. Control experiments, in which innocuous odours were intro- 
duced into the intake tube of the respiratory mask, showed no significant effect on the visual 

The amount of carbon monoxide in the blood was determined at the beginning of the experiment, 
at 10-15 min after each carbon monoxide administration and at 20-30 min intervals during 
‘recovery’ therefrom. The blood carbon monoxide was determined by the method of Scholander 
& Roughton (1943), using 120 mm® finger-prick samples (accuracy +0-1 vol. % CO or +0-5% 
COHbD). 


RESULTS 
Experiments breathing air, 100°, oxygen or carbogen 
Three typical experiments now to be described supply strong evidence of the 


prolonged and persistent effects of carbon monoxide. Figure 1 shows the 
results obtained in an experiment in which carbon monoxide was administered 
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Fig. 1. The effect of progressive increases of COHb percentage in the blood on the visual threshold, 


and of oxygen and carbogen in counteracting this effect. 


whilst the subject breathed ordinary air. Time is plotted horizontally and 


logarithm of threshold in milliphotons (1 milliphoton = 10~* troland unit) is 
plotted vertically. A rise of threshold signifies an impairment of visual 
sensitivity and vice versa. After several determinations in room air, the 
subject was ‘calibrated’ by being given a mixture containing oxygen at low 
pressure to breathe. His visual response to the hypoxic anoxia induced thereby 
took 10-15 min to reach completion, the half-time being about 3 min. The 
recovery, on breathing 100% oxygen, showed a similar time course. Four 
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successive 115 c.c. doses of carbon monoxide were then given at 30-40 min 
intervals (over periods indicated by the horizontal arrows), each dose leading 
to a rise in the visual threshold. The figures at the vertical arrows indicate the 
values of the COHb percentage at the corresponding moments. The times, 
both for half response and full response, appear to be at least half as long 
again as in the initial hypoxic anoxia test. 

It is seen that the administration of 100% oxygen over the period 170- 
194 min (from the start of the experiment) leads to a relatively rapid elimi- 
nation of carbon monoxide, with a considerable drop in the visual threshold. 
The actual time of half elimination of carbon monoxide from the blood, when 
breathing oxygen, was in this, and in similar experiments, from 45 to 55 min, 
in reasonable agreement with the observations of Roughton & Root (1945). 
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Fig. 2. Recovery of visual thresholds from the effects of carbon monoxide during administration 
of 100% oxygen. Reverting to room air demonstrates the relative advantage of breathing 
oxygen. 


Switching the subject to carbogen increased the rate of carbon monoxide 
elimination (regarded as an exponential process) to about 24 times the rate 
when breathing oxygen; the visual threshold showed a further marked decrease. 
On substituting air, however, an impairment of visual sensitivity reappeared, 
the actual value of the threshold, even though the blood carbon monoxide 
content was only 8-0°% COHb, being nearly as high as after the third adminis- 
tration of carbon monoxide, at the end of which the COHb percentage was 
15-8. It thus appears that it is not only the absolute amount of carbon mon- 
oxide in the blood at a given moment but also the previous course of the blood 
carbon monoxide content that determines the effect on visual discrimination. 
Another experiment of the same type is shown in Fig. 2, wherein about the 
same total amount of carbon monoxide was administered as in Fig. 1, but in 
two successive doses instead of in four. The total increase in blood carbon 
monoxide content, i.e. about 19° COHb, was the same as in the case of Fig. 1. 
During subsequent administration of 100% oxygen for 85 min, the COHb 
percentage fell from 20-5 to 7-6 at which latter point, even when breathing 
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. 100°, oxygen, the visual threshold was higher than it had been at 12-4 %, 
y COHb, when breathing air just after the administration of the first dose of 
4 earbon monoxide. On returning to air after the 85-min period of oxygen 
: breathing, the visual threshold rose nearly to its previous maximum height, 
: even though the COHb percentage was now only 6-7 instead of 20-5, the 


figure reached just after the second dose of carbon monoxide. 

Figure 3 provides yet a further illustration of the prolonged effects associated ! 
with carbon monoxide. After 30 min of breathing normal air the subject 
| inhaled a single dose of 300 c.c. of carbon monoxide, leading to a rise from 
| 1-1 to 15-0% COHb in the blood. The subject continued to breathe room air 


Room air 


Es 


logio threshold (milliphotons) 
~~ 


ey 
34} 1 C 150 140 129 108 %COHb 
30 60 180 710 
Time (min) 


. Fig. 3. Prolonged effects of carbon monoxide on visual thresholds, showing lack of improvement 
despite gradual loss of CO from the blood. 


for 2 hr, but in spite of a drop in blood carbon monoxide from 15-0 to 10-8% 
COHb no recovery of the visual sensitivity occurred. This failure to recover 
could hardly have been due to fatigue, since in experiments of comparable 
duration with low oxygen pressures in the inspired mixture, the visual effects 
were promptly and completely reversed when normal oxygen pressures were 
restored (cf. Fig. 1 in McFarland, Halperin & Niven, 1944). 

A more likely explanation of the results depicted in Figs. 1-3 is suggested 
by the finding of Roughton & Root (1945), that during the first hour after 
carbon monoxide administration only 60-70%, of the carbon monoxide dis- 
appearing from the blood appears in the expired air, the remaining 30-40% 
apparently diffusing into the tissues and combining chemically therein. Four 
hours continued breathing of oxygen after the carbon monoxide administration 
led, however, to a practically complete recovery of the ‘tissue-bound’ carbon 
monoxide in the expired air. Presumably the carbon monoxide had combined 
in the tissues with some compound, from which it is reversibly displaceable 
by oxygen. Results such as those plotted in Figs. 1-3 could, as mentioned 
above, be similarly explained by postulating the existence, in the central 
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nervous system and/or the peripheral visual system, of some enzyme or other 
visually important constituent, which combines competitively with carbon 
monoxide and oxygen. The hysteresis in recovery from the effect of carbon 
monoxide, as is shown so clearly in the experiment of Fig. 3, would be due 


+ 

Room air 100% O, Room \ GjRoom air 
air 3° 
290 cc. 
£ co 
gf 13 107] 83 62 $2} 49/35 30% COHD 

30 60 90 120 150 180 210 
| Time (min) 
Fig. 4. Reversible changes in the effect of carbon monoxide on thresholds, during administration 
of oxygen and room air. 
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Fig. 5. Exposure to carbon monoxide during oxygen inhalation. A large part of the expected 

deterioration of visual sensitivity is prevented, but becomes manifest on re-exposure to 
ordinary air. 

to the tightness with which the carbon monoxide is bound to the tissue 

constituent, resulting in such low gradients of dissolved CO in the tissue that 

the removal of carbon monoxide by diffusion away into the blood would only 
be very slow. 

Further evidence for this view was provided by the following two experi- 
ments. In the experiment plotted in Fig. 4, which was again similar to those 
of Figs. 1 and 2, only half as much carbon monoxide was administered as in 
the former cases and the corresponding levels of carbon monoxide in the blood 
were only of the order of half as high. Even over the range of 3-5°,4COHb, 
in which it is hard to imagine that there could have been any significant 
hindrance to the unloading of oxygen from the blood even when breathing air, 
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there is still definite evidence of reversible changes in visual discrimination in 
switching from oxygen to air and vice-versa. 

Figure 5 shows that a half to two-thirds of the immediate effect of carbon 
monoxide is countered if the carbon monoxide is administered whilst the 
subject is breathing oxygen instead of air. Switching to air from oxygen 
causes a rapid rise in threshold, even with only 6° COHb in the blood. This is 
again just what would be expected on the hypothesis of a competitive reaction 
within the central nervous system and/or the peripheral visual system. 

As to the nature of the tissue constituent concerned in this hypothetical 
combination of carbon monoxide, it would seem that its competitive affinity 
for carbon monoxide relative to that for oxygen must be of the same order as 
is that of the haemoglobin of the blood, otherwise appreciable transference 
of carbon monoxide from the blood to the tissue would not occur. Cytochrome 
oxidase could hardly fill the bill, for even in the absence of oxygen the pressure 
of CO required for half saturation of this pigment is probably about 20 times 
greater than the pressure of CO required for half saturation of haemoglobin 
(Wald & Allen, 1957). In the presence of oxygen the competitive affinity of 
eytochrome oxidase for carbon monoxide appears, under physiological 
conditions, to be only of the order of one thousandth of the competitive 
affinity of haemoglobin. A substance with the properties of myoglobin seems 
more promising, though even in this case the competitive affinity for CO 
versus Q, is only of the order of one-tenth that of blood haemoglobin. At all 
events, however, the results described in this paper appear to point definitely 
to the presence, somewhere in the visual and/or nervous systems, of some 
hitherto unrecognized substance with haematin-like properties and of marked 
physiological importance in vision. Such a substance might well be looked for 
directly by some adaptation of the methods which have been so successful in 
demonstrating the presence of other physiologically important haematin 
compounds in cells. 


Experiments with sub-atmospheric oxygen pressures 

At the time (1944-1945) at which the experiments described in this paper 
were carried out there was considerable interest, from the practical viewpoint 
of aviation medicine, in the combined effects of carbon monoxide and hypoxic 
anoxia on vision and other physiological processes. Experiments similar to 
that depicted in Fig. 1 were therefore carried out on each of four subjects, but 
instead of breathing air during the administration of the four successive doses 
of carbon monoxide the subjects breathed nitrogen-oxygen mixtures, with 
partial pressures of the latter equivalent to altitudes of about 7000, 10000, 
13000 and 16000 ft. Two experiments were also attempted at a simulated 
altitude of about 21000 ft. (6401 m) but the strain on the subjects proved too 


great for satisfactory results to be obtained. The data, as a whole, do not add 
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Fig. 6. The combined effects of carbon monoxide and various low-oxygen mixtures on visual 


thresholds and their reversal by oxygen and carbogen. 
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much further evidence as to a competitive reaction of carbon monoxide and 
oxygen within the usual system. but seem of sufficient intrinsic interest to 
warrant being placed on record. 

Figure 6 shows the results obtained on one of the four subjects at the 
various altitudes. It was from such data that McFarland, Roughton, Halperin 
& Nixon (1944), as already mentioned, concluded that the immediate effect 
of a given COHb percentage was about the same as an equivalent deficit, 
below normal, in the O,Hb percentage of the arterial blood. The countering 
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+ 10%, 


5 10 15 20 25 ee 35 
Actual % COHb in blood above basic 
% COHb when experiment began 


Fig. 7. Calculation of the beneficial effect of oxygen or carbogen in terms of %COHb counteracted 
(see text). O, Thresholds obtained after successive 20 min periods in which doses of about 
100 c.c. of CO were given, i.e. introduced into mask (producing rise of about 5% COHb in 
each case); (), threshold and % COHb after 20 min of 100% O, after CO administrations; 
V. threshold and % COHb after 20 min of carbogen (7% CO, +93% O,) following on the 
100% O,. Actual visual determinations were made with subject breathing 100% O, just 
after the carbogen, since respiratory movements induced by the latter interfered with foveal 
fixation. 


Rise in threshold above threshold at sea level 
with insignificant % COHb (log. units) 
° 
Land 


effect of 100% O,, carbogen and then of air during the recovery following the 
administration of carbon monoxide was calculated in the following manner, 
an experiment at a simulated altitude of 7000 ft. being taken as an illustrative 
example. 

Figure 7 shows (QO) the rise in the threshold (after each dose of carbon 
monoxide) plotted against the increase in COHb percentage above the basic 
COHb percentage when the experiment began. The square, (), and the triangle, 
V, represent the respective results obtained after the successive inhalations 
of 100% O, and of carbogen for about 20 min. It is seen that both the square 
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and the triangle are to the right of the curve of Fig. 7 by a horizontal distance 
equivalent to about 10% COHb. The countering effect both of 100% O, and 
of carbogen in this experiment is therefore designated as + 10% COHb. The 
final result after breathing air has not been plotted, as it would have confused 
the figure, but the countering effect calculated in the same way was +4-0°%, 
COHb. 

Table 1 gives the averaged countering effects for the four subjects at the 
various altitudes. The findings therein summarized may be expressed in words 
as follows. 

(1) After administration of carbon monoxide at sea level, 100% O, had no 
effect except that expected from the elimination of carbon monoxide from 
the blood, produced as the result of 20 min breathing of 100% O,. After 
administration of carbon monoxide at higher altitudes, however, 100% O, 
appeared to produce some additional benefit, the countering effect being the 
equivalent on the average of +5-6% COHb. The cause of this difference 
between sea level and higher altitudes, if genuine, is not clear. 

) 


TasB_e 1. Averaged countering effects (expressed as + % COHb) of 100% oxygen, carbogen and 
air after carbon monoxide administration at various simulated altitudes 


(ft.) 7000 10000 13000 16500 
Altitude level (m) 2134 3048 3963 5029 
100% O, 0 +65 $78 435 +47 
Carbogen +3-0 +76 +41 +72 + 6-2 
~ 5-0 -05 ~ 2:2 +08 


(2) At sea level carbogen appeared to have a somewhat more beneficial 
effect than oxygen, the difference corresponding to about +3° COHb. The 
latter is additional to the advantage derived from the more rapid elimination 
of carbon monoxide from the blood, when breathing carbogen, as compared 
with the rate of elimination when breathing 100% O,. 

(3) On returning to air at the end of the experiment, a residual handicap 
corresponding to 5°, COHb was observed after carbon monoxide administra- 
tion at sea level, whereas at simulated higher altitudes no significant residual 
effect of the carbon monoxide was seen. The cause of the discrepancy between 
sea level and higher altitudes is again not clear. 

(4) At all altitudes, including sea level, the performance when breathing air 
was the equivalent of about 5° COHb less good than when breathing 100 % O,, 
thus supporting the concept of a competitive reactor within the visual system. 


SUMMARY 
1. Visual sensitivity to differences in light intensity was employed as a 
sensitive index of (i) the effects of carbon monoxide, and of (ii) the persistence 


of these effects during elimination of this gas while ordinary air, oxygen and 
carbogen mixtures were breathed. 
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2. Recovery from detrimental effects of carbon monoxide on this visual 
function lags behind the elimination of carbon monoxide from the blood, the 
effect apparently being determined by the duration of the presence of carbon 
monoxide in the blood as well as its concentration. 

3. Administration of 100% oxygen results in an immediate improvement 
which disappears when ordinary air is again breathed. This suggests the 
possible existence in the c.N.s. and/or peripheral visual system of some enzyme 
or other visually important constituent which combines competitively with 
carbon monoxide and oxygen. 

4. Carbogen not only causes more rapid elimination of carbon monoxide 
from the body, but seems to have a somewhat more beneficial countering 
effect against carbon monoxide than does oxygen. 
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INTERNEURONES AND RIGIDITY OF SPINAL ORIGIN 
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The extensor paralysis, or hind-limb rigidity produced by temporary ischaemia 
of the lumbosacral spinal cord, and analysed in this paper, is due exclusively 
to a spinal cord lesion. This extensor hypertonus is readily induced in cats 
previously spinalized (van Harreveld & Marmont, 1939). Similarly, we found 
that such chronic rigidity in dogs with undivided cords is not significantly 
modified by subsequent mid-thoracic cord transection. This rigidity is also 
enduring. There is no attenuation of the pillar-like rigidity with time, as there 
is of functional defects after cortical lesions or spinal semisection. There is no 
‘plasticity’ of functioning neurones in the spinal cord with such an ischaemic 
lesion. We have not observed any obvious abatement of the rigidity in dogs 
kept for as long as 204 days. 


The hind-limb rigidity of spinal origin resembles decegebrate rigidity in 


several ways: it appears promptly upon recovery from anaesthesia used for — 


the temporary ischaemia by thoracic aorta occlusion, it is most intense in 
the antigravity muscles and it persists indefinitely. The differences, however, 
_ are fundamental. The decerebrate rigidity is of supra-spinal origin and for its 
manifestation, in contrast to the spinal rigidity, it is essential that the path- 
ways from brain stem to spinal cord should be intact. Chronic decerebrate 
cats, which can walk and run, exhibit rigidity in all four legs only when 
the extremities are free from any phasic activity. Even when standing 
such cats do not exhibit an exaggerated positive supporting reaction (Bard 
& Macht, 1958). In rigidity of spinal origin the muscular spasm of the hind 
limbs is continuous and unremitting, regardless of the position or activity 
of the animal. The hind limbs never exhibit any phasic activity and when 
awkwardly dragged by foreleg movement remain as rigidly extended as when 
the animal is lying or sitting. In addition to the extensor paralysis there 
is very little or no reaction to cutaneous stimulation of hind limbs. Reactions 
to noxious stimuli, when present, do not include flexion of the hind limbs. 
It is impressively difficult to flex the rigid limb and the lengthening reaction 
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cannot be demonstrated. The rigidity can be reduced or abolished only by 
anaesthesia. 

The evidence to be presented indicates that the functional disorganization 
of the spinal cord, as manifested by the rigidity, fundamentally consists in and 
is a consequence of the destruction of spinal interneurones relaying excitatory 
and inhibitory impulses to motoneurones. Since all, or nearly all, impulses 
normally descending upon spinal motoneurones from higher centres are also 
relayed by spinal interneurones, this rigidity of spinal origin is not entirely 
unrelated to rigidities and spasticities of supraspinal origin. In the latter the 
impulse traffic descending upon spinal iiterneurones is altered or reduced. In 
the former the interneurones are destroyed. 

It must be pointed out at the outset that after some days of maintained 
extensor rigidity of the hind limbs, a ‘contracture’ develops in the affected 
muscles which is superimposed upon the shortening maintained by moto- 
neurone activity. This supervening phenomenon, a shortened resting length 
of the muscles, is identical with the shortening which has been known for some 
years to develop after fixation at a given length in a plaster cast, tenotomy or 
localized poisoning with tetanus toxin. Although usefully designated by 
Ranson & Dixon (1928) as ‘myostatic contracture’, the latter is not a physio- 
logical contracture, as defined by Gasser (1930). Motor innervation, for the 
active contractile shortening of the muscle, is necessary for the genesis of the 
‘contracture’, but once this shortened state of the muscle has developed it 
persists, in contrast to the neural hypertonus, after motor denervation. Also 
in contrast to the rigidity of spinal origin, in which the hypertonic muscles 
temporarily relax during general anaesthesia, the myostatic contracture is 
not abolished by any depth of anaesthesia. Even after a lethal dose of anaes- 
thetic the affected muscles retain their shortened state, passing eventually 
into rigor mortis, which this ‘contracture’ resembles. We did not systematically 
study the latency of onset of the myostatic contracture but, with possibly 
one exception, the earliest that we have noted it is 5 days after the establish- 
ment of rigidity by lumbosacral cord ischaemia. A minimal, but unmistakable, 
residual resistance to flexion of the knee may be observed at this time after 
elimination of the hypertonus by general anaesthesia. This residuum, a 
shortened length of the muscles, grows with the duration of the neurally 
maintained shortening, or hypertonus. On the other hand, in those instances 
where the rigidity lasted only about 48 hr, after which the hind-limb paralysis 
became completely flaccid, we have never observed a myostatic contracture. 
The latent period for the latter, as induced by localized tetanus toxin, is 
5-7 days after intramuscular injection of the toxin (Davenport, Ranson & 
Stevens, 1929). Preliminary accounts of some phases of this work have already 


been published (Gelfan & Eurnekian, 1956; Gelfan, Eurnekian & Tarlov, 
1957). 
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METHODS 


rigidit 
Spinal ischaemia by ligation of the abdominal aorta dates back to Stenno in the seventeenth 
century. High thoracic occlusion is necessary in order to render the lumbosacral cord ischaemic 
in cats and dogs. Our surgical procedure for temporary occlusion of the dog’s thoracic aorta was 
essentially the same as the one adopted by Tureen (1936) for cats. Tureen’s cats did not survive 
aortic occlusion of more than 15 min duration and all the survivors regained hind-leg motor power 
within 24 hr. More than 60% of our 120 dogs subjected to 40-50 min of acrtic occlusion survived 
the stress. Some of the non-survivors died within 24 hr after occlusion and the others within 
4 days. The hind legs in almost all these non-surviving animals, however, became markedly 
rigid upon recovery from the Nembutal anaesthesia (pentobarbitone; Abbott Laboratories). 
Some 62% of the survivors exhibited permanent rigidity of the hind limbs. The rest exhibited 
either permanent flaccid paralysis or temporary weakness or were normal. More than 50 min 
of ischaemia usually resulted in flaccid paralysis. Less than 40 min of aortic occlusion did not 
usually produce an extensor paralysis in dogs but only some motor weakness and some inco- 
ordination, from which the animals fully recovered within about a week. 

In addition to the lumbosacral cord, most of the rest of the posterior half of the body is also 
subjected to ischaemia by the aortic occlusion. However, we have not observed any obvious 
histological damage to the dorsal root ganglia of rigid animals killed several weeks after the 
occlusion. Also, the magnitude of primary afferent volleys arriving at the medullary part of the 
cord in rigid dogs is not smaller than in normal ones (Text-fig. 1). Isolated mammalian peripheral 
nerves promptly recover from 1 hr of complete anoxia (Gelfan & Tarlov, 1956). Ischaemia 
limited to the hind limbs, by occlusion of abdominal aorta just above the iliac bifurcation for 
l hr did not damage either the peripheral nerves or muscles, as judged by clinical senting. An 
additional ischaemia of both limbs in the same animal 2 days later, by sphyg cuffs 
maintained at 250 mm Hg for | hr, also did not result in any sensory or motor defect. 

Oscillographic recording of spinal cord activity 

For oscillographic analysis of spinal neurone activity the spinal cords of chronically rigid dogs 
were exposed by laminectomy under either light allobarbitone anaesthesia or after decapitation. 
Only one dose of thiopentone anaesthesia was used for the latter. Decapitate preparations were 
used mostly as normal controls. The exposed cord, spinal roots and peripheral nerves were under 
warm mineral oil saturated with 95% O, +5% CO,. Spinal cord potentials, in response to afferent 
stimuli, were picked up by one platinum electrode in contact at the mid line with the dorsal 
surface of the cord and another indifferent one in contact with adjacent non-neural tissue. 
Recordings, as in Fig. 1, were made with the cord dorsum electrode placed at the optimal recording 
zone, i.e. at the entry zone of the stimulated nerves or roots. Reflex ventral root potentials were 
recorded with the usual platinum hooks in contact with cut ventral roots. The acute experiments 


in the chronic snimals were carried out 10 or more days after production of lumbosacral cord 
ischaemia. 


RESULTS 
Excitatory interneurones in rigid dogs 

The spinal cord potential. This potential, recorded from the dorsal surface of 
the exposed cord, provides a large and unmistakable sign of interneurona! 
activity. It is generally agreed, since such potentials were first recorded by 
Gasser & Graham (1933), that the large negative wave (negative intermediary 
potential, N wave) of the composite cord dorsum potential, taking off from 
the primary afferent spike, is generated by interneurones responding to the 
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afferent volley. In decapitate or anaesthetized normal preparations the large 
N wave is very easily elicited. In the rigid animals, however, the magnitude 
of this interneuronal component is very small even at higher amplifications 
(Text-fig. 1). Indeed, the total response to maximal cutaneous, mixed-nerve 
or whole-dorsal-root stimulation in chronically rigid animals consists of very 
little besides the primary afferent component. The first half of the spinal cord 
potential elicited by maximal sural nerve stimulation in the rigid preparation, 
as in Text-fig. 1, represents the somewhat dispersed primary afferent signal. 
The remainder, the interneuronal component, is less than 0-1 of the magnitude 


Sural Tibial | D.R.L7 
> 
| 


Normal 


Text-fig. 1. Spinal cord potentials from normal and rigid dogs in response to maximal stimulation 
of sural nerve, tibial nerve and dorsal root L7, recorded from mid line of cord dorsum at 
optimal recording zone in each case. Note differences in amplification ; all calibrations in mV ; 
time scale under each record in msec. Upper sural and D. R. L7 records from animal 10 days 
after establishment of hind-limb extensor rigidity: upper tibial record from animal after 
27 days of rigidity. All decapitate preparations. 


of the same response in the normal dog. Since at least part of the normally 
large negative wave of the spinal cord potential is generated by interneurones 
relaying afferent impulses to suprasegmental levels (Bernhard & Widén, 1953), 
the little concern or utter indifference of such chronically rigid dogs to severely 
noxious stimulation of hind limbs is understandable. The large positive wave 
of the spinal cord potential normally observed with maximal stimulation, 
also of post-synaptic origin and considered, at least in part, as signalling 
activity of propriospinal neurones (interneurones) (Bernhard & Widén, 1953), 
is completely absent in the rigid record. 

When the normal negative intermediary potential is temporarily depressed, 
as by asphyxia, an early component may be revealed which has been considered 
as most likely of presynaptic origin, probably afferent terminals (Lloyd & 
McIntyre, 1949; Bernhard, 1953; Austin & McCouch, 1955). This component is 
normally observed in the rigid preparation without any experimental 
manceuvres for its disclosure. It is the first sharp negative elevation after the 
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large afferent spike, in response to tibial and particularly dorsal root stimula- 
tion in Text-fig. 1. Intramedullary afferent conduction, as well as the primary 
afferent spike, therefore, appears to be relatively normal in the rigid animal. 
The interneuronal response, on the other hand, even when maximally stimu- 
lating a whole dorsal root, and taking into account the amplification difference 
between the normal and rigid records, is virtually zero. All experimental 
manceuvres, under optimal conditions of recording, fail to improve this 
response in rigid animals. It is always observed, on the other hand, in normal 
preparations, even when in poor condition or deteriorating. The responses 
from rigid animals in Text-fig. 1 are unmistakably similar to the spinal cord 


Sural Tibial D.R.L 7 


Normal 
0-5 mV 


Text-fig. 2. Reflex responses to maximal stimulation of sural nerve, tibial nerve and dorsal root 
L7 in normal and rigid dogs recorded from cut L7 ventral root. Note differences in ampli- 
fication ; all calibrations in mV; time scale under each record in msec. Upper sural record C, 
upper tibial and D.R. L7 records are from same respective decapitate preparations as rigid 
records in Fig. 1. Upper sural.records A and B from dogs, under allobarbitone anaesthesia, 
which had been rigid 97 and 28 days respectively. | 


potentials as modified after about 4 min of asphyxia or thoracic aorta occlusion 
in acute experiments on normal dogs (Gelfan & Tarlov, 1955, 1956). The greatly 
reduced or completely absent interneuronal component in the cord dorsum 
response from chronically rigid preparations, which had undergone 40-50 min 
of lumbosacral ischaemia, is consistent with the observations on maximum 
duration of anoxia compatible with recovery of the interneuronal component 
in the acute preparation (Gelfan & Tarlov, 1955). 

Mono- and polysynaptic ventral root reflexes. The counterpart to the inter- 
neuronal deficit in the elicited cord dorsum potentials of rigid dogs is the 
similarly very meagre polysynaptic reflex response to peripheral stimulation, 
as exemplified by the ventral root records in Text-fig. 2. The total polysynaptic 
response to supramaximal sural-nerve stimulation in each of the three sample 
records from different rigid animals varies from about 15% (sural record A) 
of the normal deflexion to essentially zero (sural record (). Similarly, the 
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polysynaptic component of the reflex ventral root response to supramaximal 
stimulation of mixed nerve, such as the tibial, or whole dorsal root, is completely 
absent from the records of rigid preparations reproduced in Text-fig. 2. These 
two records show only monosynaptic responses. The polysynaptic reflex, as 
the full cord dorsum response, but in contrast to the monosynaptic reflex 
response, is very readily elicited in all normal dogs. Also in the acute normal 
preparation, even with anaesthesia, stimulation of a cutaneous nerve like the 
sural, when the other nerves and spinal roots are intact, produces powerful 
contraction of flexor muscles. It is remarkable, on the other hand, how little 
of such reflex flexor contraction is observed under the same conditions in 
rigid preparations. Therefore, interneurones, such as are found in the inter- 
mediate nucleus of Cajal, relaying afferent impulses to motoneurones, are also 
permanently affected by the ischaemic episode which produces hind-limb 
rigidity. 

The amplitude of the unpotentiated monosynaptic reflex response in rigid 
dogs is consistently larger than in normal dogs, under as near the same con- 
ditions as it is possible to duplicate in acute experiments. Although not as yet 
subjected to quantitative analysis, this difference is nevertheless unmistakable 
and significant. This applies to the monosynaptic component of the total 
response to mixed-nerve or whole-dorsal-root stimulation, as well as to the 
purely monosynaptic response to gastrocnemius nerve stimulation. The 
stimulus threshold for the reflex ventral root response, as a whole, is about 
the same for both normal and rigid dogs, but the reflex output is decidedly 
different. The maximum possible motoneurone response, as revealed by post- 
tetanic potentiation, is not greater in the rigid dogs (Text-fig. 6). If anything, 
it is usually somewhat smaller when the results on the total number of rigid 
d6ys so tested are compared with those for normals. But of the total surviving 
motoneurones in any pool in the rigid dog a relatively greater fraction will be 
discharged by an unpotentiated primary synaptic volley. Conversely, in the 


. normal animal, a greater fraction remains in the subliminal fringe. The extent 


of this ‘exaggerated’ monosynaptic excitability, also, appears to be inversely 
proportional to maximum available polysynaptic reflex output in any rigid 
dog. That is to say, the evidence strongly suggests that a decrease in the inter- 
neuronal population relaying afferent impulses to motoneurones increases 
the excitability of the latter. 

When clinically tested, a very active knee jerk, in contrast to the absence 
of a flexion reflex, is the prelude to the developing hind-limb rigidity during 
recovery from anaesthesia, some 2 hr or so after a 40-50 min thoracic aorta 
occlusion. This is in general agreement with van Harreveld & Marmont’s (1939) 
observations on spinal cats which had undergone lumbosacral cord ischaemia. 

The greater vulnerability of flexor reflexes to lumbosacral cord anoxia had 
been observed by clinical testing in spinal cats by van Harreveld & Marmont 
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(1939) and in rabbits by Krogh (1945, 1950). The latter ascribed this to selec- 
tively greater destruction of flexor motoneurones. This possibility had also 
been considered by the former, but van Harreveld (1944) later abandoned it. 
He called attention to the polysynaptic nature of the flexion reflex and its 
consequently greater vulnerability because of the increased number of 
asphyxial targets, or the possibility of a greater sensitivity of interneurones 
to O, lack. With the direct demonstration of functional failure of interneurones 
in chronically rigid dogs the assumption of a greater mortality among flexor 
motoneurones would appear to be no longer necessary in order to explain the 
earlier failure of flexion reflexes. This explanation, of course, is not incompatible 
with a concomitant greater mortality of flexor motoneurones. It does account 
for the impairment or complete loss of sensation and motor paralysis in the 
rigid animals. However, it does not account for the extensor character of the 
rigidity in the chronic animals unless it is assumed that the extensor hyper- 
tonus is reflex in origin. It is shown in a’ later section, however, that the 
afferent inflow is not indispensable for the continuous motoneurone discharges 
responsible for maintaining the hind-limb rigidity in the chronic dogs. 
A greater destruction of flexor motoneurones, therefore, could explain the 
extensor character of the rigidity. But the following observations cannot be 
readily harmonized with such a proposal. Kosman, Hill & Snider (1951) 
reported continuous activity of both flexor and extensor muscle groups in 
chronic cats and dogs with severe extensor rigidity, as recorded electromyo- 
graphically. We have repeatedly observed during acute experiments on rigid 
dogs that flexor muscles, as well as extensor ones, readily responded to 
stimulation of their nerves or ventral roots when very little or no flexor reflexes 
could be elicited. The rigidity in extension, on the other hand, could be due 
either to a greater ‘spasticity’ of extensor motoneurones or simply to a domi- 
pance of extensor muscles, as is assumed to be the case in decerebrate rigidity 
and during periods of extensor rigidity in strychnine and tetanus-toxin 
poisoning. We have no data on the former and the few attempts to test the 
latter by cutting the nerves to the quadriceps muscles or patellar tendon on 
one side of rigid dogs failed to provide a decisive answer. With relatively shorter 
durations of lumbosacral ischaemia Krogh (1950) obtained purely adductor or 
flexor hypertonus in rabbits. We have never observed flexor rigidity in dogs. 
This aspect of the problem requires further experimentation and clarification. 


Inhibitory interneurones 
As in the case of interneurones relaying excitatory impulses, there is also in 
rigid dogs a deficiency of interneurones which normally exert an inhibitory 
action upon motoneurones. Among all the excitatory afferents to the spinal 
cord at least one type, the Group Ia fibres from the annulospiral endings of 
the muscle spindle, terminate directly upon motoneurones. ‘Direct’ inhibition 
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of motoneurones to antagonistic muscles by collaterals of such annulospiral 
fibres (Lloyd, 1941, 1946), according to Eccles and his collaborators (Eccles, 
1957), is also mediated through one interneurone. It is agreed, in any case, 
thet inhibition by Group Ib muscle afferents from Golgi tendon organs, 
Group II and III muscle and cutanedts afferents is through interneurones. 
Autogenetic inhibition. In addition to the well-known excitatory effects of 
muscle stretch, it has also recently been established that stretch and contrac- 
tion can also produce inhibition of the monosynaptic response (Henneman, 
1951; Hunt, 1952; Granit, 1955). This is the basis of autogenetic inhibition 
and the lengthening reaction in decerebrate preparations. The effect of static 
loading upon the amplitude of the monosynaptic response in a rigid dog, as 
compared to a normal one, is illustrated in Text-fig. 3. The intact gastrocnemius 
nerve, after cutting nerves to other muscles of the leg, was maximally stimu- 
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Text-fig. 3. Effect of static muscle tension on reflex monosynaptic ventral root responses to 


intact gastrocnemius nerve stimulation in normal dog and in one which had been rigid for 
13 days. Each of the six heavy vertical lines gives the amplitude range - ten Gengeaetive 
responses to stimulation at | c/s. 100% = average of the ten resp 

in each animal, when the muscle was under zero tension; all determinations expressed as 
percentage of this value. 


; lated at 1 c/s, with and without weights attached to the cut Achilles tendon. 


Ten consecutive reflex monosynaptic responses recorded from the cut S81 
ventral root in each instance constituted the basis of comparison. The measured 
amplitude of the responses in the case of the loaded muscles was plotted as 
percentage of the unloaded values, the average of the latter ten determinations 
constituting 100%. As has been recognized by others (Henneman, 1951; 
Hunt, 1952; Granit, 1955), the absolute amount of inhibition of the mono- 
synaptic response by graded static tension is not very predictable and varies 
from one normal preparation to another in acute experiments. It is sufficiently 
clear, however, that in rigid preparations tension has consistently very little 
influence on the reflex monosynaptic response. Similarly, very little, if any, 
inhibition of the monosynaptic response was evident in rigid animals when the 
intact gastrocnemius nerve was tested during tetanus of the muscle by 100 c/s 
stimuli of distal cut end of a ventral root, in the manner of Hunt (1952). The 
latter obtained in this manner nearly complete inhibition in normal spinal 
cats. If the tetanized muscle is also stretched, responses to 1 c/s monosynaptic 
testing was even facilitated somewhat during the tetanus in some rigid 
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preparations. Stretch, in these instances, had only an excitatory influence 
upon motoneurones. 

The effect of muscle stretch upon gamma ventral horn cells, in contrast to 
the effect upon alpha motoneurones, is only inhibitory in normal preparations 
(Hunt, 1951; Granit, 1955). To test the effect of stretch upon gamma moto- 
neurones in a rigid dog, a filament from a 81-ventral root, which had mono- 
synaptically responded to gastrocnemius testing, was separated and placed 
upon the recording electrodes. All the muscle nerves except those to the 
gastrocnemius-soleus had been cut. The spinal cord of this animal also had 
been transected at the mid-thoracic level 40 days before the ischaemic episode 
which produced the hind-limb rigidity. The ‘resting’ base-line activity of 
several gamma fibres, with the muscle slack, is shown in the upper record of 
Text-fig. 4. The occasional larger deflexions are considered as coming from 
alpha fibres included in the ventral root filament. Although under light 


Text-fig. 4. Small motoneurone activity on 60 c/s base line, recorded from 81 ventral root 
filament of dog which had been rigid for 97 days and with mid-thoracic spinal cord transection 
for 137 days. Nerves to triceps surae muscle intact. Upper record obtained when muscle 
was slack; lower record when muscle was under 205 g tension. 


allobarbitone anaesthaesia, the spontaneous activity of the alpha moto- 
neurones was not completely suppressed. It is difficult to see in the lower 
record that stretching the muscle with a 205g weight had any inhibitory 
effect upon the gamma motoneurone activity. These small efferent fibres in 
the ventral root filament were not identified as innervating the gastrocnemius 
muscle spindles, but all other filament samplings from this root failed to show 
any obvious inhibition of gamma activity by stretch. The origin of stretch 
afferents for gamma inhibition is not settled yet, but there is no reason to 
suspect that the peripheral portions of the gamma loop is not essentially 
intact in the rigid animals. The central pathway of such inhibiting stretch 
afferents, whether directly to the gamma motoneurones or via interneurones, 
also is not known. If such impulses are relayed by interneurones, the failure 
to inhibit the gamma motoneurones by muscle stretch in the rigid preparations 
could also be due to destruction of interneurones, 

Hunt & Paintal’s (1958) studies, published after completion of this manuscript, strongly indicate 
that the small gamma motoneurones, for which they propose the name ‘fusimotor neurones’, 
are innervated only by polysynaptic pathways. They also failed to confirm Hunt's earlier report 
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(1951) of autogenetic inhibition of these small motoneurones. In the earlier paper the peripheral 
destination of the small fibres in the ventral root filament, whose discharges were inhibited by 
muscle stretch, was not determined. The observed inhibition therefore, Hunt & Paintal now 
contend, may not have been autogenetic. Since we also did not know the peripheral destination 
of the small afferent fibres in the rigid preparation, the inhibition we were looking for may also 
not have been originally autogenetic. 

Facilitation of the monosynaptic response, by barely threshold shocks to 
the nerve of one head of the gastrocnemius as the test shock is delivered to the 
nerve of the other head of gastrocnemius, is easily obtained in the rigid prepa- 
ration. Strong conditioning volleys increase the facilitation in the normal dog, 
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Text-fig. 5. Facilitation of medial gastrocnemius reflex by conditioning volleys in lateral gastro- 
cnemius nerve, recorded from cut ventral root, in normal dog and in one which had been 
rigid for 27 days. 100% on ordinate = control amplitude of reflex response to test shock 
alone. Conditioned responses plotted as function of time interval between conditioning and 
test volleys. Facilitation curve from normal dog (filled circles) obtained by use of threshold 
conditioning volleys. With strong conditioning shocks the initially higher facilitation (open 
circles) is succeeded by secondary inhibition in the normal dog but not in the rigid one. 


but as the interval between these conditioning and test shocks is increased 
by more than 0-5 msec the subsequent course is interrupted by secondary 
inhibition, as was found by Lloyd in normal cats (1946; see also Laporte & 
Lloyd, 1952) and shown in Text-fig. 5 for normal dog. This inhibiting action 
of ipsilateral interneurones, in combination with direct action of primary 
afferent fibres upon extensor motoneurones, is absent in the rigid preparation. 
The curve in the latter case shows only facilitation. Its somewhat bizarre 
shape is most likely due to the greater excitability of motoneurones in rigid 
preparations, 

An indirect inhibitory influence of muscle end organs upon the monosynaptic 
reflex response is also revealed when the muscle nerve tested for post-tetanic 
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potentiation is not severed from the muscle, particularly when the latter is 
under tension, as recently shown by Granit (1956). Very little of this inhibitory 
influence can be demonstrated in rigid preparations. Post-tetanic potentiation 
curves from one rigid dog are compared to those of a normal one in Text-fig. 6. 
In both instances the gastrocnemius nerve, after initial testing at 1 c/s, was 
stimulated maximally at 500 c/s for 10 sec, after which the testing continued 
at the original rate, in the manner described by Lloyd (1949). The small 
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Text-fig. 6. Post-tetanic potentiation curves of reflex monosynaptic responses to gastrocnemius 
nerve stimulation at 1 c/s, as recorded from cut ventral root, in normal dog and in one which 
had been Figid for 10 days. Zero time on abscissae in each case is the end of a 10 sec tetanus to 
gastrocnemius nerve at 500 c/s. Response amplitude is in millimetres on face of cathode 
ray tube. The control response levels, on the left, are continued as horizontal lines in the 
rigid set of curves for reference purpose. Same amplification used in both experiments. 
Stretching the triceps surae muscle depressed the unpotentiated response in the normal dog 
from about 2mm to practically zero, and reduced the maximal potentiated response by 
about 15%. Stretch had only an excitatory effect in the rigid preparation. Cutting the 
nerve increased the duration of potentiation in the normal dog but not in the rigid animal. 
The duration of potentiation, under all these conditions, was considerably greater in the 
rigid animal. 


unpotentiated control responses are practically obliterated when the triceps 
surae muscle of the normal dog was stretched. The potentiated responses in 
the normal preparation, large as they are, were also measurably reduced by 
muscle stretch. The duration of potentiation when the severed nerve was 
stimulated was invariably longer than when the nerve was intact, in the normal 
animal. The effect of muscle stretch on the unpotentiated responses in the 
rigid animal, on the other hand, was excitatory rather than inhibitory, as is 
also shown in Text-fig. 3. Muscle stretch had no effect upon the potentiated 
responses in the rigid animal. Cutting the nerve influenced the slope of the 
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potentiated curve from this rigid animal but not the total duration of poten- 
tiation. The most obvious difference between the two sets of curves is the 
longer-lasting potentiation in the rigid animal. Since the duration and fre- 
quency of the tetanus was the same in both cases, it is assumed that the rate 
of decay of the potentiated effect of the monosynaptic reflex afferent fibres and 
transmitter action following the tetanus was also essentially the same in both 
instances. The longer-lasting post-synaptic effect of the tetanus in the rigid 
animal may therefore be considered as a reflexion of the greater excitability 
of the subliminal fringe, as well as of the rest of the motoneurone pool, in these 
animals. This is not unreasonable in view of the fact that these motoneurones 
in chronically rigid animals, before the acute experiment, were discharging 
sufficiently and continuously to produce rigidity in the hind limbs. 

Tetanization of the ipsilateral peroneal nerve during monosynaptic reflex 
responses of an extensor muscle, elicited at regularly recurring intervals, also 
reveals the inhibitory influence of interneurones. In the normal dog such 
monosynaptic reflex responses of the gastrocnemius could be completely 
inhibited by a 500 c/s tetanization of the common peroneal nerve, as was 
also observed by Lloyd in cats (1949). The maximum amount of such inhibition 
observed in one of the tested rigid dogs was about 60% ; the others exhibited 
less. The response regained its normal amplitude promptly after cessation of the 
tetanus in all cases, but some rigid preparations exhibited, in addition, post- 
inhibitory facilitation. This fractional inhibition in rigid animals may be due 
to interneurones which survived the ischaemia, or may represent the ‘directly’ 
inhibiting component in the common peroneal nerve, or both. In any case, 
an interneurona! deficit in rigid dogs is clearly indicated. 


Effect of dorsal root section 

It is evident from the foregoing results and considerations that lumbosacral 
motoneurones in the rigid animals have lost the normal polysynaptic influence 
as a result of interneurone destruction. This includes supraspinal as well as 
segmental afferent input, and is the reason for the paralysis. The monosynaptic 
endings of the large muscle proprioceptive fibres, however, remain intact and 
lumbosacral dorsal roots were severed bilaterally in order to determine if they 
are indispensable for triggering the ‘spastic’ discharges of the surviving moto- 
neurones in the chronic preparations. Rhizotomy in dogs which had been 
rigid for one or more weeks gave inconclusive results. Enough myostatic 
contracture had developed in the rigid hind-limb muscles by this time to 
interfere with reliable assessment of the effects of de-afferentation. Indeed, 
the contracture may be so severe that anaesthesia and even ventral root section 
may have very little effect upon the rigidity, which is now characterized by 
a permanent shortening of the resting length of the muscle. The chances of 


surviving lumbosacral rhizotomy 1, 2, or even 3 days after an ischaemic bout — 
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of 40-50 min are poor. After 5 days of rigidity, at which time the myostatic 
contracture was minimal, as established by anaesthesia, bilateral mtradural 
rhizotomy from L2 to 82 inclusive temporarily abolished the hind-limb 
rigidity. After about 24 hr, however, the extensor rigidity gradually returned 
and was severe enough several days later to support the weight of the paralysed 
hind quarters when the animal was placed in a standing position. Van Harre- 
veld (1943) had also noted the abolition or reduction of rigidity in one hind 
limb of his spinal cats immediately after unilateral rhizotomy, but only the 
acute preparations were observed. On the basis of his own experience and 
that of others before him, Ranson (1928) emphasized that ‘dorsal roots cannot 
be cut without damage to spinal cord’. It is possible, therefore, that the 
temporary abolition of the rigidity by de-afferentation was due to this trauma 
and depression of motoneurones. 

To obtain a less equivocal answer to the question concerning the role of 
primary afferent endings in the chronic preparations, the thoracic aorta was 
occluded in the usual manner for producing rigidity some time after the hind 
limbs had already been de-afferented. In order to minimize trauma to the 
spinal cord and to avoid also the inevitable adhesion of the dura after intra- 
dural root section, the L2 to 81 dorsal roots were severed extradurally on 
both sides. The small $2 dorsal roots in the dog, in contrast to the larger roots 
above it, cannot be separated and cut extradurally without injury to the ventral 
components. Since $2 spinal roots do not contribute to the innervation of 
knee extensors (quadriceps in the dog is innervated by L4, L5 and L6), 
sparing this dorsal root was not considered as introducing uncertainty into 
the significance of the observed results. Such de-afferentation produces pro- 
found motor impairment in the hind limbs of normal dogs. Similar effects of 
forelimb de-afferentation have been known for some time. The paralysis is 
always flaccid. The maximal degree of motor restitution observed 4 weeks 
after such bilateral de-afferentation was a paddling-like attempt at locomotion 
by the hind legs. The animal was incapable of raising its hind quarters or of 
standing on its hind legs. 

Successful aortic occlusion in dogs with chronically de-afferented hind limbs 
produced typical rigidity. The animal in Pl. 1, fig. 1 was photographed 24 hr 
after a 45-min occlusion of thoracic aorta carried out 29 days after bilateral 
rhizotomy (L2 to 81 inclusive). The rigidity at this time was severe enough 
to support easily his now paralysed hind quarters when he was propped up 
in a balanced position. The imposed and static balance is temporary but the 
collapse is not caused by collapse of the anti-gravity muscles but by loss of the 
artificial balance. Hind-limb extension is maintained during the fall sideways. 
The persistent priapism, usually present in rigid male dogs with intact dorsal 
roots, had not been observed in this animal at any time during the de- 
afferented period before the lumbosacral ischaemia by aortic occlusion. As in 
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the animals with intact dorsal roots, the rigidity in rhizotomized ones endures 
without any abatement. This animal survived 83 days in the rigid state. The 
inevitable myostatic contracture also developed in the rhizotomized rigid 
animals. Seven days after rigidity was induced in the animal in PI. 1, fig. 1, 
the first indication of a shortened resting length of muscle became evident; 
asmall but unmistakable residuum of resistance to flexion of the knee remained 
after anaesthetization. This myostatic contracture, which tended to confuse 
the issue initially, was of confirmatory value in these instances, since it does 
not develop until after a period of maintained neurogenic shortening of muscle: 
no contracture without rigidity first. 

It is difficult to see any dependence of continuous motoneurone discharges 
in chronically rigid animals upon intact primary afferent endings when section 
of dorsal roots failed either to abolish permanently the rigidity already 
established or to prevent rigidity from developing. Whatever influence the 


Text-fig. 7. Upper: small motoneurone activity on 60 c/s base line from L7 ventral root filament 
in dog which had been rigid for 17 days, 3 days after bilateral and intradural section of 
dorsal roots L2 to 8 2 inclusive; light allobarbitone anaesthesia. Lower: activity from another 
L7 ventral root filament during same experiment | hr after decapitation through atlanto- 
occipital membrane. Cathode ray beam slightly out of focus in order to fatten the small 
deflexions. 


muscle afferents may continue to exert upon the ‘spastic’ motoneurones, they 
are not the indispensable triggers for the continuous motoneurone discharges 
in this experimental rigidity. If rigidity in some way results from a disturbance 
of the normal balance between influences of interneurones and afferent fibres 
which terminate directly upon motoneurones, the former destroyed by the 
lumbosacral ischaemia but leaving the latter intact, this balance is not re- 
established by complete de-afferentation. | 
Small gamma motoneurones, as large alpha ones, also are not silenced by 
bilateral de-afferentation of the rigid animal. In the normal cat acute de- 
afferentation abolishes the ‘resting’ background activity of gamma moto- 
neurones (Hunt, 1951). The small-nerve activity recorded from an L7 ventral 
root filament, shown in the upper record of Text-fig. 7, is from a rigid dog 
3 days after bilateral and intradural section of dorsal roots L2 to $2 inclusive. 
This may be compared with the gamma motoneurone activity from a rigid 
animal with intact dorsal roots but whose spinal cord had been transected 
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before it was made rigid (Text-fig. 4). Although acute spinal transection in 
normal cats also does not abolish the resting motoneurone discharges (Hunt, 
1951), the de-afferented rigid preparation was nevertheless decapitated some 
time after the upper record in Text-fig. 7 was obtained, in order to ascertain 
whether the observed resting discharge was in this case maintained by supra- 
spinal centres. Immediately after decapitation through the atlanto-occipital 
membrane, and institution of artificial ventilation, filaments from the same 
ventral root were silent. One hour after decapitation, however, activity, 
although considerably reduced, was evident in gamma motoneurones which 
now were free from anatomical connexions with supra-spinal centres, as well 
as from afferent connexions with muscle spindles (lower record in Text-fig. 7). 
The initial silence and reduced activity later was most likely due to spinal 
shock and inadequate circulation through the L7 segment (severance of 
anterior spinal artery by decapitation; right and left dorsal and one ventral 
root cut). 
| Neuronal destruction 

The topography of the cellular destruction observed in the spinal cords of 
chronically rigid dogs is strikingly illustrated in Pl. 1, fig. 2. The greater 
mortality of centrally located neurones, as observed by Krogh (1945, 1950) 
in the anterior horns of rabbits, and by Kosman et al. (1951) in the anterior 
horns of cats and dogs, is shown here to extend from the dorsal horn, through 
the intermediate zone, to the anterior horn. The glaring swath of neuronal 
destruction clearly includes loci of interneurone pools. The relay sites of the 
larger sura! nerve fibres and Group III afferents, according to Coombs, Curtis 
& Landgren (1956), are in the dorsal horn, dorsolateral to the intermediate 
nucleus; those of Groups Ib and II muscle afferent fibres, in the intermediate 
zone. Large motoneurones in the ventral horns are discernible in this photo- 
graph at very low magnification. This spinal cord was removed from a dog 
whose hind limbs had been severely rigid for 31 days. A detailed histological 
account is in preparation, but it is pertinent here to mention that, in agreement 
with Krogh (1945, 1950), surviving motoneurones were always found in rigid 
dogs. Complete neurone destruction is associated only with flaccid paralysis. 
Van Harreveld (1941) reported a greater decrease of ‘medium sized nerve 
cells’ in the anterior horn and gray commissures after lumbosacral ischaemia 
of spinal cats. We have also observed instances of practically zero mortality 
among neurones with axons in ventral roots. It is probable, therefore, that 
cellular destruction in the spinal cord of some animals exhibiting rigidity may 
be limited essentially to interneurones. In any case, interneuronal destruction 
must be the reason for the much reduced or absent interneurone responses 
in the electrophysiological observations. 
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DISCUSSION 


The anoxic destruction of spinal interneurones accounts for the reduction or 
absence of those reflex responses, both excitatory and inhibitory, which nor- 
mally can be secured only through the intermediation of one or more inter- 
neurones. It is also the basis for the sensory and voluntary motor loss in such 
rigid animals. Interneurones in the spinal cord are not limited to the dorsal 
horns and intermediate zones. There are also many interneurones in the motor 
nuclei of the ventral horns, and, as emphasized in Balthasar’s (1952) histo- 
logical studies of normal cat anterior horns, such interneurones in the tibial 
and peroneal nuclei outnumber by far the motoneurones. He estimated that 
the interneurone to motoneurone ratio in this pool is 4:1 for tibial and 16:1 
for the peroneal nuclei. In this light, van Harreveld & Marmont’s (1939) 
impression that more of the smaller cells throughout the cord are destroyed 
by a given duration of anoxia than larger ones is significant. This is to be 
expected if the relation between peripheral fibre diameter and resistance to 
anoxia also holds for cell body size. There are, however, also small moto- 
neurones in the anterior horns and how uniform the relation between cell size 
and capacity for recovery from a given duration of anoxia might be in such 
a mixed neural population is not known. It is clear enough that at least 
some small motoneurones, as well as large ones, survive the lumbosacral 
ischaemia (Text-figs. 4, 7). Krogh (1945) also called attention to the purely 
vascular aspects in the rabbit’s anterior horns as favouring a pre-emption by 
peripherally placed neurones of any available O, in the slow small trickle of 
blood which may reach the cord during the aortic occlusion. It is doubtful 
whether this could have been a contributory factor in van Harreveld & 
Marmont’s (1939) cats, since these workers produced ischaemia of the posterior 


- segment of the transected cord (with permanent extradural ligature) by 


raising the intradural pressure above systolic pressure. The greater destruction 
throughout the centre of the gray matter is unmistakable (PI. 1, fig. 2; also 
Kosman e¢ al. 1951). But the available maps of motor nuclei in the anterior 
horn (Romanes, 1951; Balthasar, 1952) do not justify any correlation between 
the distribution of the anoxic lesion and the location of nuclei innervating 
different muscle groups. Such maps do show that motor nuclei are clustered 
primarily in the medial and lateral portions of the anterior horn and that the 
neurones in the centre must consequently consist essentially of interneurones. 
The cellular destruction above the anterior horns is almost exclusively an — 
interneuronal lesion (all spinal neurones whose short or long axons relay 
impulses within the o.n.s. are considered as interneurones). Such chronic 
lesions, so far, can be produced only by temporary ischaemia. 

The functional role of interneurones is not limited to segmental reflexes. 
It is generally recognized that descending projection systems, including 
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cortico-spinal ones, exert their excitatory and inhibitory infiuences upon spinal 
motoneurones in almost all known instances through the intermediation of one 
or more spinal interneurones (cf. Lloyd, 1944, for discussion and references). 
Spinal interneurones are also convergence centres for afferent inflow (Kol- 
modin, 1957) and such interneuronal activity can, in addition, be influenced 
by impulses descending from higher spinal and supraspinal centres (Lindblom 
& Ottosson, 1953, 1956). Indeed, a single cat spinal interneurone may be 
influenced not only by more than one afferent source but by both excitatory and 
inhibitory fibres (Kolmodin, 1957). Thus the influence of this integrative level 
upon motoneurone activity can hardly be exaggerated, since almost all the 
impulse traffic converging upon the motoneurones is funnelled, as well as 
screened, by spinal interneurones. With the possible exception of a small 
percentage of pyramidal fibres, only Group Ia muscle afferents are known to 
terminate directly upon motoneurones. But, as shown histologically by Cajal, 
these monosynaptic fibres also send collaterals into the intermediate nucleus. 
It is therefore not impossible that even monosynaptically induced activity 
may thus also be modulated automatically by interneurones; as, for example, 
the depression of the monosynaptic responses to frequencies of stimulation 
as low as 0-1-10 per second (Eccles & Rall, 1951; Jefferson & Schlapp, 1953; 
Lloyd & Wilson, 1957). Monosynaptic reflexes, as already pointed out, are 
more readily elicited in the rigid preparation than in the normal one during 
acute experiments. If the negative feed-back system of Renshaw cells were 
to be firmly established as a fact it would mean that practically no mono- 
synaptically induced activity of motoneurones is immune from interneuronal 
influence. Indeed, it has been proposed that this system of recurrent inhibition 
may play an important co-ordinating role in the normal animal (Brooks & 
Wilson, 1958). 

Van Harreveld & Marmont (1939) considered the rigidity of their spinal 
cats as a ‘high extensor tone’ due to the damage of the ‘tone inhibiting 
system’ by the temporary anoxia of the lumbosacral cord, the normal tone 
balance between excitatory and inhibiting components in the spinal cord having 
been disrupted because of the greater resistance to anoxia of the excitatory 
component. The same explanation is applied to the increased reflex excitability 
of tendon reflexes, when the hypertonus was not severe enough to mask such 
reflexes in the unanaesthetized cats. Our demonstration of functional failure 
of interneurones relaying reflex excitatory (Text-figs. 1, 2), as well as in- 
hibitory, impulses in rigid dogs cannot be fitted into van Harreveld & Mar- 
mont’s thesis. Furthermore, motoneurones in chronically rigid dogs are not 
silenced after the last links with the periphery are severed by rhizotomy. 
This rigidity, therefore, may be considered as an exaggerated stretch reflex 
only in the same sense that this, as well as other reflexes, are overexcitable 
after subconvulsive doses of strychnine. But the depolarization and moto- 
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neurone impulse discharges, after convulsive doses of strychnine, also occur 
in isolated and de-afferented segments of mammalian spinal cord (Brooks & 
Fuortes, 1952; Brooks & Koizumi, 1953). Similarly, the motoneurone dis- 
charges and consequent rigidity are not abolished or prevented by section of 
dorsal roots (Pl. 1, fig. 1). 

Any outline of the functional disturbance, the disruption of the normal 
neuronal organization of the spinal cord by the temporary lumbosacral 
ischaemia, must also account for the continuous motoneurone discharges 
which characterize chronically rigid animals. It is not only a problem of 
identifying the neural elements destroyed, but also one of understanding the 


telation between such destruction and the altered excitability of surviving 


motoneurones. Large-motoneurone destruction can be expected to result only 
in motor deficits. Interneurone destruction, on the other hand, reduces the 
integrative influence upon motoneurones, reduces the impulse traffic and 
denervates motoneurones. Such destruction is the structural basis for the 
difference in the consequent functional manifestations between the rigid 
preparation on the one hand, and spinal or semi-spinal preparations, or those 
with supraspinal lesions, on the other, Motoneurones in the rigid dogs are 
denervated to the extent that interneurones, which link with them, are 
destroyed by the ischaemic-anoxic episode. Interruption of descending path- 
ways, on the other hand, denervates interneurones rather than motoneurones. 
Even section of dorsal roots denervates principally interneurones, and moto- 
neurones only, at most, to the extent of the monosynaptic-fibre fraction of the 
total fibre population of dorsal roots. 

It is therefore proposed that motoneurones, like denervated muscle fibres 
or denervated sympathetic ganglia, also become ‘spontaneously’ active when 
denervated. It is also proposed that the ‘spontaneous’ discharges of such 
denervated motoneurones are directly responsible for the unremitting and 
enduring rigidity. The alteration in the excitability of such motoneurones is 
related to the anatomical isolation, or denudation of cell body and dendrites 
of nerve endings. Mere physiological isolation of motoneurones from mono- 
synaptic impulses, or presynaptic silencing without denervation, as effected 
by extraganglionic dorsal root section, only produces ‘atrophy’ of excitability 


_ (Eccles & McIntyre, 1953). The prompt development of rigidity may appear 


as too rapid to be accounted for by motoneurone denervation. But if the 
degeneration rate of the short intramedullary axons is not slower than that 
of peripherally cut axons, i.e. about 2 mm/hr initially (Luco & Kyzaguirre, 
1955), the onset of rigidity with recovery from anaesthesia would still be 
consistent with the very limited length of such interneuronal axons. However, 
the denervation of motoneurones by ischaemia does not depend upon de- 
generation of intramedullary axons but upon failure of the latter to recover 
from the anoxic episode. The anoxic mortality rate of interneuronal axons and 
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their cell bodies, for any given duration of ischaemia, determines the degree 
of denervation of those surviving motoneurones upon which they terminated. 

Cannon & Rosenblueth (1949) were explicitly aware of the possible relation 
between the fibrillary activity of denervated muscle, the spontaneous random 
discharges of denervated sympathetic ganglia and the general sensitization of 
structures after denervation. They clearly did not wish to imply, however, a 
strict similarity between the spontaneous phenomena and the supersensitivity 
to chemical agents and impinging nerve impulses. The difference between the 
two phenomena may or may not be purely quantitative. In any case, the 
interruption of descending pathways, denervating spinal interneurones, leads 
to supersensitivity but not to spontaneous activity of motoneurones (Cannon 
& Rosenblueth, 1949). Section of dorsal roots, denervating to some degree 
motoneurones, as well as interneurones, also leads to supersensitivity but not 
to spontaneous activity of motoneurones (Drake & Stavraky, 1948; Teasdall & 
Stavraky, 1953). Complete nervous isolation of a spinal cord segment in 
puppies, by intradural and bilateral section of lumbar and sacral dorsal roots 
plus cord transections above and below the de-afferented segment, also does 
not induce spontaneous activity of motoneurones in dogs surviving 2—6 months 
(Tower, 1937). This led Tower to conclude that ‘autochthonous’ activity is 
not a property of the mammalian spinal cord. These observations were con- 
firmed in monkeys studied for only 2 weeks (Tower, Bodian & Howe, 1941). 
Hind-limb hypertonus also was not reported in cats maintained for 11-14 days 
after such lumbosacral cord isolation (Mark & Gasteiger, 1953). Again, it will 
be noted, interneurones rather than motoneurones are principally denervated 
in such isolated segments. Cardin (1952), on the other hand, repeating this 
de-afferentation and isolation procedure in adult dogs, reported an extensor 
hypertonus developing in the hind limbs 3 to 4 weeks after the surgery. His 
conclusions are opposite to those of Tower but he offers no explanation for 
the discordant results. 

In contrast to the concept of alteration of excitability by denervation, 
McCouch, Austin, Liu & Liu (1958) contend that reflex exaggeration and 
‘spasticity’ in spinal animals is due to replacement of degenerated terminals 
of descending tracts by sprouts from neighbouring afferent fibres, the latter 
thus gaining an abnormal control over interneurones. The growth and matura- 
tion time of eventually functioning sprouts accounts for the two or more weeks’ 
latency for the onset of spasticity. In the case of partially denervated sym- 
pathetic ganglia, it is to be noted, re-innervation of sprouts from uncut pre- 
ganglionic fibres is accompanied by a decrease in supersensitivity of both 
effector organs and ganglion cells (Murray & Thompson, 1957), In any case, 
the latency element precludes terminal sprouting as a factor in the rigidity 
after temporary lumbosacral ischaemia, since the hind-limb rigidity develops 
promptly with recovery from anaesthesia. In view of this, a consideration of 
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the possibility of motoneurones becoming targets for sprouting afferent 
terminals in the case of our rigid dogs, instead of interneurones as in the case 
of spinal animals, is irrelevant at this point. McCouch et al. (1958), however, 
also state that their results do not. support the sensitization hypothesis. The 
interneuronal component of the spinal cord potential, they argue, should 
increase to a greater extent than the potentials attributable to afferent termi- 
nals if sensitization of spinal neurones occurs after decentralization. They 
found instead that the relation of afferent terminal input to interneuronal 
output was the same in the chronic semisected side as in the control side of 
their preparations. We wonder, however, whether the internuncial component 
of the spinal cord potential can be used as an indicator for the presence or 
absence of sensitization. The synaptic organization of interneurones is different 
from that of motoneurones. A maximal interneuronal potential is rapidly 
secured with increasing stimulus strength and when the afferent spike is only 
about 70% of its maximal value (Bernhard, 1953). The difference in behaviour 
between interneurones and motoneurones during the onset of anoxia led to 
the proposal that a subliminal fringe is absent in the interneuronal organization 
(Gelfan & Tarlov, 1955). Lloyd (1949) had previously come to essentially the 
same conclusion from his failure to obtain convincing evidence of post-tetanic 
potentiation in the polysynaptic reflex. We have confirmed this observation 
in the dog. Furthermore, in contrast to post-tetanic potentiation of the 
monosynaptic reflex response, easily obtained in both normal and rigid dogs, 
we failed to obtain evidence of such potentiation of the interneuronal com- 
ponent of the cord dorsum potential in normal dogs. Finally, there is no 
facilitation of this component (Hughes & Gasser, 1934; Bernhard, 1953). 
Since the demonstration some years ago that skeletal muscle behaves like 
a stretch receptor in Ca-free saline, that the spontaneous discharges which 
occur in the Ca-free medium are preceded by slow potential changes (pre- 
potentials), suggesting a parallelism to rhythmic oscillations in the 0.N.s. 
(Adrian & Gelfan, 1933), the capacity for spontaneous discharges of other 
normally non-spontaneous excitable tissues, particularly nerves, has been 
observed. Bremer (1953) has admirably summarized this in his recent dis- 
cussion of neuronal auto-rhythmicity. In addition, normal ‘spontaneous’ 
activity, resembling the cortical waves of the electroencephalogram, has been 
recorded from the dorsal surface of the cat’s spinal cord (ten Cate, 1950; 
Mark & Gasteiger, 1953). Transection of the cord does not abolish or reduce 
the frequency of these low-voltage waves, generated presumably by inter- 
neurones in the dorsal horn. Such spontaneous activity, although reduced, was 
nevertheless recorded 11-14 days after de-afferentation and double tran- 
section. This is comparable to the majority finding of persistent spontaneous 
activity of neurologically isolated slabs of cortex in man and cats (summary 
and literature in Burns, 1958). In about 40% of the spinal interneurones 
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with proprioceptive connexions, as studied by Kolmodin (1957), no definite 
peripheral source in hind limbs was found for this resting activity. Regular 
oscillations of potential have also been recorded from the anterior horn of 
the curarized mammal, particularly with light strychninization or asphyxia 
of short duration (Bremer, 1953). Finally, Lorente de Né (1947) has analysed 
the conditions in peripheral nerve which induce rhythmical oscillations of the 
electrotonic potential, initiating impulses. One may therefore visualize the 
soma surface of denervated motoneurones as sufficiently altered by denudation 
of presynaptic terminals to induce critical oscillations of membrane potential, 
or conditions or agents normally present in the cord environment becoming 
adequate stimuli for such altered somata. Denervation may also result in 
the elimination of components supplied by nerve endings which are indispens- 
able for normal motoneurone excitability, in the same sense as removal of Ca 
increases the excitability of nerves and muscles. 


SUMMARY 


The nature of hind-limb rigidity produced by 40-50 min occlusion of the 
thoracic aorta was analysed in dogs. 

1. This experimental rigidity, manifest upon recovery from anaesthesia, was 
always extensor. The milder consequences of the lumbosacral ischaemia, 
such as motor incoordination or ‘spasticity’, were temporary; there was full 
recovery, as judged clinically, within 1 week. The pillar-like rigidity, however, 
was permanent and could be abolished temporarily only by anaesthesia. Some 
chronic preparations were observed for over 200 days. The sensory and motor 
paralysis always accompanying this rigidity was also enduring. 

2. The rigidity is of spinal origin, since it is independent of supraspinal 
connexions. 

3. A ‘myostatic contracture’ of hindlimb muscles develops in addition to 
the neurogenic rigidity a few days after the establishment of the latter. This 
shortening of the resting length of muscle, which in contrast to the rigidity 
cannot be abolished by anaesthesia, may confuse the study of rigidity if not 
properly recognized. 

4. Many of the lumbosacral spinal neurones do not survive ischaemia of 
such duration. This anoxic destruction of cells is most apparent histologically 
in the centre of the spinal gray matter. 

5. A functional deficit of interneurones was directly demonstrated in 
chronically rigid dogs during acute experiments by recording spinal-cord and 
reflex ventral-root potentials. 

6. Interneuronal responses to cutaneous and muscle-nerve stimulation and 


to ia 9 stretch in chronically rigid dogs were either 7 much reduced or 
absent 
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7. The functional failure of lumbosacral interneurones includes those 
relaying excitatory as well as inhibitory impulses. 

8. The interneuronal destruction includes those relaying impulses to supra- 
spinal centres, as well as to spinal motoneurones, and must be the basis for 
the sensory paralysis in rigid preparations. It is also assumed to be the basis 
for the motor paralysis. 

9. A considerably greater percentage of neurones in a rigid motoneurone 
pool responded to monosynaptic excitation than in a normal one during acute 
experiments. 

10. This chronic rigidity cannot be considered as an exaggerated stretch 
reflex, since it was neither abolished nor prevented by section of dorsal roots. 

11. The destruction of interneurones is considered responsible for the loss 
of normal regulation of motoneurone activity and consequent muscle responses. 
Destruction of interneurones also denervates motoneurones. 

12. It is proposed that denervation increases the excitability of moto- 
neurones to the point of discharging ‘spontaneously’. It is also proposed 
that the ‘spontaneous’ discharges of such denervated motoneurones are 
directly responsible for the unremitting and enduring rigidity. 


This work was aided by research grant (B-1284) from the National Institutes of Health, 
United States Public Health Service. We are grateful for the generous assistance of Dr Alberto A. 
Eurnekian during the earlier phases of these experiments, 
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EXPLANATION OF PLATE 


Fig. 1. Rigidity and priapism after 45 min of lumbosacral ischaemia in dog whose dorsal roots 
L2 to $1 inclusive had been bilaterally severed extradurally 29 days previously. The 
extensor hind-limb hypertonus easily supported the weight of the paralysed hind quarters 
of animal when propped up in balanced position. Before the aortic occlusion the de-afferented 
animal had very limited motor power in its hind limbs and could not raise its hind quarters; 
the paresis was flaccid. 

Fig. 2. 6 transverse section through spinal cord at L4-L5 from dog killed after 31 days of 
hind-limb rigidity. Haematoxylin-eosin stain. 
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Anoxia at 55,000 ft. (16,760 m) and its prevention. By J. Ernstina. 
R.A.F. Institute of Aviation Medicine, Farnborough, Hants. 


The technique of subcutaneous gas equilibration. By P. Forcacs. 
Joyce Green Hospital, Dartford, Kent 


The experimental procedure of subcutaneous gas equilibration introduced 
by Leconte & Demarquay (1859) and developed by Campbell (1924), is 
suitable for carbon dioxide estimations in clinical practice. The partial 
pressure of COQ, in air injected into subcutaneous connective tissue reaches 
equilibrium with the surrounding tissues in 80min. Such a gas depot, 
established by a single injection, persists long enough to be sampled 
repeatedly during the next 12 hr. It can be replenished and thus maintained 
for several days. 

The best site for the injection is the dorsal aspect of the forearm, where 
the subcutaneous connective tissue is loose and contains relatively little fat. 
The air is injected with a 10 ml. glass syringe, fitted with a two-way tap 
carrying a cotton-wool filter on the intake side. The site of puncture is 
sealed with cellulose tape. An injection of 50 ml. is sufficient for several 
samples if the investigation will be completed on the same day. If the 
reservoir is to be maintained through the night, a volume of 100 ml. is 
preferable. The limb need not be immobilized during equilibration but con- 
tinuous use of the hand is to be avoided. The forearm should be protected 
from cold, in order to prevent vasoconstriction. 

Such an artificially induced surgical emphysema consists of small bubbles 
lying in separate compartments between strands of connective tissue. The 
syringe used for the injection is suitable for withdrawal of the samples, but 
it must be dry and airtight and the piston must slide freely in the barrel. 
Amounts of 1-3 ml. gas can generally be found without difficulty, though 
it may be necessary to massage the skin gently towards the needle. Only 
the lightest suction is permissible, otherwise the sample may be contaminated 
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by air drawn in along the needle track. The sample is transferred directly | 


into a Scholander gas analyser. 

The injection is accompanied by slight prickling and tension in the skin 
but causes no pain. When taking samples, local anaesthesia of the puncture 
site allows a more leisurely search for gas bubbles. The only discomfort of 
_ the procedure is a mild ache due to surgical emphysema which may spread 
as far as the hand and the shoulder and persist for a day or two. 


REFERENCES 


Campbell, J. A. (1924). J. Physiol. 59, 1. 
Leconte, C. & Demarquay, J. (1859). Arch. gén. méd. 14, 424. 


The extent of the infarct in the anterior pituitary found soon after 
pituitary stalk section in the baboon and the rhesus monkey. 
By P. M. Danret,* Marsorre M. L. Pricnarp and Barsara Smirat. 
Department of Neuropathology, Institute of Psychiatry, Maudsley Hospital, 
London, S.E.5, and the Nuffield Institute for Medical Research, University 
of Oauford 

An experimental method for determining the territory supplied by specific 

blood vessels is to cut or occlude these vessels and to observe the extent of 

the necrosis which follows. Section of the pituitary stalk interrupts the long 

portal vessels of the stalk, which are the sole source of blood supply to by 


far the greater part of the anterior lobe of the pituitary in man, the rat, the — 


sheep and the goat (Xuereb, Prichard & Daniel, 19544, 6; Daniel & Prichard, 
1956, 1957, 19584). In these species a study has already been made of the 
infarct: which is found in the anterior pituitary shortly after stalk section 
(Daniel & Prichard, 1956, 19576, 1958a; Daniel, Prichard & Schurr, 1958), 
in order to determine the extent of the necrosis before secondary changes 
take place, such as shrinkage of the necrotic area or regeneration of anterior 
lobe cells. In the same species we have been making a similar study in cases 
of medium and long survival after stalk section, and have found that with 
the passage of time the anterior lobe cells may regenerate (Daniel & Prichard, 
19584, 5) a possibility which does not seem to have been seriously considered 
hitherto. Recently we have performed some short-term experiments on 
monkeys, asa first stage in determining the immediate and long-term effects 
of pituitary stalk section in a species closely related to man. 

In the present experiments the pituitary stalk was cut in six baboons 
(Papio papio) and six rhesus monkeys (Macaca mulatta), and an acrylic plate 


* Assisted by a grant from the Ford Foundation. 
+ Clinical Research Fellow, Medical Research Council. 
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was placed between the cut ends of the stalk. The animals survived for times 
ranging from 16 to 26 hr. At this early stage after the operation the infarct 
in the anterior lobe of the pituitary was found to be extensive. Only a narrow 
rim of cells round the periphery of the anterior lobe survived, except posteriorly, 
where a rather wider band of cells was preserved. The extent of the infarct 
in these animals (Fig. 1) was remarkably similar to that seen at an early stage 


Fig. 2 

Fig. 1. Horizontal section through the pituitary gland of a rhesus monkey, 16 hr after the 
pituitary stalk had been cut. Large triangular pale area (above) is neural tissue. The dark 
zone adjacent to this is surviving anterior lobe tissue. The greater part of the anterior lobe, 
however, is necrotic and is seen here relatively pale. Compare with Fig. 2 and note the 
similarity in the distribution of the necrotic and surviving areas, to that found in the sheep. 
(Haematoxylin and eosin.) 

Fig. 2. Coronal section through the pituitary gland of a sheep, 16 hr after the pituitary stalk had 
been cut. Small pale triangle (centre above) is neural tissue. As in the monkey (Fig. 1) there 
is a dark zone adjacent to this which is formed by surviving anterior lobe tissue, but most of 
the anterior lobe is necrotic (relatively pale). (Haematoxylin and eosin.) 


after pituitary stalk section in man, the sheep (Fig. 2), the goat and the rat 
(Daniel & Prichard, 1956, 1957b, 1958a; Daniel et al. 1958) and is clearly due 
to the fact that, as in those species, the greater part of the anterior lobe of 
the pituitary, in the baboon and rhesus monkey, is wholly dependent for its 
blood supply on the long portal vessels of the pituitary stalk. 
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The production of exophthalmos in goldfish. By D. McGmL. Guy’s 
Hospital Medical School, London, 8.E.1 


A two-channel transistor stimulator for physiological use. By 
R. E. Georer. Guy's Hospital Medical School, London, S.E. 1 


A simple arterial preparation. By R. J.8. McDowat.. King’s College, 
London, W.C. 2 


The preparation consists of perfusing any large artery, conveniently a piece 
of the abdominal aorta with one or two small lumbar arteries attached. 
The main trunk and its other branches are tied off. Perfusion is carried out 
with Krebs’s solution at 37° C, aerated with oxygen and carbon dioxide, from 
a constant head of pressure, a record of the actual perfusion pressure being 
taken by means of a side tube, after the method described by Hemingway 
(1926). A pressure of 80 cm water is a convenient starting level. When fresh, 
the vessel may be partly contracted (presumably owing to the presence of 
noradrenaline) and the response to a vasoconstrictor drug such as adrenaline 
is small, and a dilatation may be produced by acetylcholine; but after two or 
three days it relaxes, and the response to adrenaline is greatly increased. 
An artificial tone of any desired degree may now be brought about by adding 
to the perfusion fluid a noradrenaline drip, and the action of vasodilator drugs 
may be shown. When taken from a sensitized rabbit the preparation shows 
anaphylactic reactions. 
REFERENCE 
Hemingway, A. (1926). J. Physiol. 62, 82. 


The gastric emptying of various solutions repeatedly instilled 
into the stomach of man. By J.N. Hunt. Physiological Laboratory, 
Guy’s Hospital, London, S.E.1 


An indirect method of obtaining the concentration of salts in the 
plasma. By R. 8r J. Buxton, J. Craupnury and R. J. S. McDowatt. 
Physiology Department, King’s College, London, W.C. 2 


The method consists essentially of placing cellophane bags containing a small 
volume of Krebs’s (1932) solution in the abdomen. The sodium and potassium 
levels in the bags equilibrated with the plasma in less than 20 min in cats and 
guinea-pigs. 

The great advantage of the method is that it makes possible several estima- 
tions of, say, the potassium and sodium levels in the plasma, especially in 
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small animals, without the withdrawal of blood, which of itself brings about 
a rise of the potassium in the plasma. If the sodium of the blood is raised by 
simple intravenous injection, the contents of the bag follow in about 15 min. 


REFERENCE 
Krebs, H. A. & Henseleit, K. (1982). Hoppe-Seyl. Z. 210, 33-66. 


The relationship between pulmonary capillary blood flow, 
pulmonary capillary blood volume and diffusing capacity 
during rest and exercise. By J. M. Bisnor, R. E. Forster, 
R. L. Jonson and W. 8. Spicer. Department of Physiology and 
Pharmacology, Graduate School of Medicine, University of Pennsylvania, 
Philadelphia 

The apparent diffusing capacity (D,) of the lungs forscarbon monoxide has 
been measured by the modified Krogh breath-holding method (Ogilvie, 
Forster, Blakemore & Morton, 1957) at more than one level of alveolar 
oxygen tension. This permits the determination of the true diffusing capacity 
of the pulmonary capillary membrane (D,,) and the pulmonary capillary 
blood volume (V,) in the manner described by Ronghton & Forster (1958). 
At the same time, pulmonary capillary blood flow (Q,) has been estimated 
from the rate of uptake of acetylene during breath holding. These four quanti- 
ties were measured simultaneously in four normal subjects by breath holding 
for various lengths of time after inspiration of suitable gas mixtures. Observa- 
tions were made at rest, during Valsalva and Mueller manceuvres and during 
exercise. | 

The results show a close positive correlation between Q, and D,, D,, and 
V, (r = 0-92, 0-71 and 0-92 respectively). The Valsalva manceuvre reduced 
both Q, and D, but both increased during exercise. During transients at 
the beginning and end of exercise, D, lagged behind Q,, but steady levels of 
both Q. and D, were reached within a minute of the commencement of 
exercise. The proportional increase of V, with exercise was about twice as 
great as the increase of D,,. The calculated mean transit time of blood through 
the pulmonary capillaries at rest was 0-79 sec. This time shortened with 
exercise but only rarely was it less than 0-5 sec. 

These findings indicate that the volume and surface area of the pulmonary 
capillaries increase with exercise, and are consistent either with a dilatation 
of capillaries already open, or with the opening of capillaries having a smalle 
ratio of surface area to volume than those initially open. 


REFERENCES 


Ogilvie, C. M., Forster, R. E., Blakemore, W. 8. & Morton, J. W. (1957). J. clin. Invest. 36, 1-17. 
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Selective block of small fibres in the spinal roots by phenol. By 

A. Iecoand E. G. Watsu. Physiology Department, University of Edinburgh 
Phenol in low concentrations injected intrathecally has been used clinically 
to relieve pain. Pain may be alleviated, it is claimed, without causing detect- 
able impairment of muscular power or cutaneous sensibility (Maher, 1957). 
Recent interest in the role of C fibres in sensation prompted the following work 
on cats. Electrical records were taken from dorsal root filaments. Phenol as 
a 5% solution in the contrast medium ‘Myodil’ (ethyl iodophenylundecan- 
oate, B.P.C.), as used clinically, or as a $% solution in Ringer’s solution 
was applied to the root some millimetres distal to the recording electrodes. 
It was observed that conduction in cutaneous afferent fibres was blocked first, 
while proprioceptive fibres were relatively resistant. 

Analysis of the differential rate of loss of function and particularly the 
susceptibility of C fibres could not be satisfactorily established by this means 
alone. In other experiments the compound action potentials initiated by 
electrical stimulation of cut peripheral nerves were recorded from the roots 


or, vice versa, the roots were stimulated and impulses led from the peripheral. 


nerves. Phenol, applied to the roots, blocked first the slowly conducting 
fibres; the C elevation was particularly sensitive but the Ad elevation was 
reduced in amplitude before the C wave was completely blocked. The cutaneous 
A wave was completely blocked at a time when muscle Aaf fibres were still 
conducting impulses. The ventral root fibres behaved in a similar fashion. 
The Ay fibres were blocked more quickly than the Aaf elevation, whilst the 
later components of the Aaf elevation were less resistant than the early 
component. 


We wish to thank Dr A. Brown for supplies of phenol in ‘Myodil’ and T, A. Sears, Esq. and 
B. Davies, Esq. for information about their studies. 


REFERENCE 
Maher, R. M. (1957). Lancet, 272, 16. 


The effects of season, and of life at 33° C, on fluid distribution, 
reproduction and behaviour of albino rats. By Bera Howarp, 
W. V. Macrartane, Mary Ostwatp and Pameta Pennyourk. Sir 
Wilham MacGregor School of Physiology, Te of Queensland, 
Brisbane, Australia 

A strain of Wistar albino rats has been studied throughout the seasons (at 

latitude 27° 8) and in a constant hot environment of 33-35° C. The winter 

temperature range was 8-22°C and the summer 18-32°C. On groups of 

10 or more rats, estimates were made of water distribution, endocrines, 

growth, behaviour and reproduction. 
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In early winter the T 1824 space was 32% less, and the thiocyanate 


E. 21-6% space less than in early summer, amongst animals 7 months old. 


Adrenal weight was reciprocal to the fluid spaces, being 16-8 + 1-7 mg/100 g 
in winter and 13-4+1-4mg/100g im summer. All these differences are 
significant at P < 0-001. When rats were maintained at 33° 0 there was a 
fall of thiocyanate space to 25-3+1-8 ml./100 g—35°% below the spring- 
suuuner maximum. Water in the lean body mass increased from 73-4 to 74:4 % 
in the hot rats, a significant difference (P < 0-001). No clear seasonal change 
of body water was found. These observations suggest that the initial effect of 
a rise of temperature was to increase extracellular volume but, with a sustained 
high temperature, the intracellular water content increased. 

The total activity of adult rats was reduced from 42-1 % in winter to 33-4% 
of the day in summer, while at 33° C activity occupied 31-2% of the time. 
Food intake was 29°, less in summer than in winter, and 65°, less than 
winter at 33° C. 

There was less fecundity in this strain of rats during winter than in summer. 
But acute exposure to 35° C resulted in 30-50% of foetal resorption. When the 
rats were reared at 33° C, over three or more generations (with vitamin and 
protein supplements) a series of changes occurred in reproduction. There were 
longer oestrus cycles in the hot rats than in controls and more services were 
needed to establish pregnancy. Two fewer corpora lutea and three fewer 
implantations occurred per ovulation in the heat. Acclimatized and heat- 
reared rats with adequate vitamins, however, resorbed few more foetuses 
than controls. But pregnancy was prolonged from 22-1 to 23-6 days in the 
first generation. Lactation in the heat resulted in a loss of weight by the 
mother, compared with a gain during normal lactation. The young grew more 
slowly, reaching only 131 + 12 g in 20 weeks, compared with 157 + 20 g in the 
controls. The ovary, adrenal and thyroid weights (per 100 g body weight) 
were less and hair was shorter in the heat-reared animals. The endocrine and 
reproductive functions of these rats resemble those of hypopituitarism. There 
were, however, differences between the short- and long-term effects of heat. 
And the degree to which a genetically stable race of adapted rats has been 
produced remains to be determined. 


Clinical application of the estimation of carbon dioxide in sub- 
cutaneous air bubbles. By P. Forcacs. Thoracic Unit, Joyce Green 
Hospital, Dartford, Kent 

The estimation of carbon dioxide in air bubbles equilibrated in subcutaneous 

connective tissue (Campbell, 1931) is a useful method of assessing the adequacy 

of alveolar ventilation in clinical practice. It is less liable to sampling errors 
than the collection of alveolar gas, and is technically easier than blood gas 
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measurements. Moreover, the CO, content of such an artificially induced 
surgical emphysema is more stable than the pCO, of arterial blood or alveolar 
gas and therefore reflects more faithfully long-term changes in the free carbon 
dioxide stores of the body. 

The equilibration curve shown in Fig. 1 is derived from serial CO, estimations 
in ten subjects at various intervals between 10 and 120 min after subcutaneous 
injection of 50 ml. air. Each point represents the common logarithm of the 


? 


— 


ao -» 


Logio (100 — pCO, as percentage of equilibrium pCO,) 


0 5 0 15% 20 3 3 35 © 4 SO 55 6 6 70 7 & 


Time after injection (min) 
Fig. 1. Equilibration curve of carbon dioxide in subcutaneous air bubbles. 


difference between the final and observed levels of pCO, expressed as a 
percentage of the final pCO,. Equilibration was judged to be complete when 
the pCO, of two subcutaneous gas samples, taken at 10 min intervals, differed 
by not more than 1 mm Hg. This stage is reached in 80 min. 

The range of pCO, in twelve estimations on ten normal subjects was 
35-44 mm Hg (mean pCO,, 41 mm Hg; s.D., 2-8; coefficient of variation, 7 °/). 
In thirty-four patients with various respiratory disorders the range was much 
wider. The lowest pCO, (24 mm Hg) was observed in a woman with tetany due 
to hysterical hyperventilation; the highest pCO, (105 mm Hg) in a man who 
was in coma during a respiratory infection complicating chronic bronchitis. 
Serial estimations in oligopnoeic patients gave results in keeping with their 
clinical condition. Good correlation was found between the subcutaneous 
pCO, and the minute volume of ventilation in respiratory paralysis treated 
by intermittent positive pressure breathing. 


REFERENCE 
Campbell, J. A. (1931). Physiol. Rev. 11, 1. 
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The action of curare in the cat. By Frona Acuzson and R. J. M. Fry. 
Physiological Laboratory, Trinity College, Dublin 


A multiple resuscitator for ice-cold mice. By L. Wxtss. Division of 
Expervmental Biology, National Institute for Medical Research, Mill Hill, 
London, N.W.7 

When the effects of toxic agents on ice-cold mice were recently tested, the 

percentage which survived was small. In order to handle larger numbers of 

survivors, animals have been resuscitated in batches, instead of singly, as 

described by Goldzveig & Smith (1956). 


0123456 
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Air outlet 


The cold mice are stretched out in pairs. Each pair is warmed by a 60 W 
bulb. Compressed air, at a pressure of 18-20 lb/sq. in. (ca. 1-4 kg/cm’), is 
passed through a valve, constructed as shown in the diagram. The closed and 
open phases are equal and regulated by a cam, the rotational speed of which is 
controlled by a Variac resistance. The air leaving the valve is led to a manifold 
bearing twelve exit tubes. 12mm diameter rubber tubing (2 mm thick) 
connects these with the mice, by means of a bevelled end fitting snugly, but 
not tightly, over their snouts and mouths. The amount of air going to each 
animal is regulated by a screw-clip on the rubber tubing. 

The amount of air going into each animal should inflate the lungs gently. 
Too much air causes intestinal inflation and is to be avoided. Mice are left 
connected to the apparatus until they are breathing independently of it. 

By this method the number of animals exposed to severe hypothermic 
procedures has been increased. The percentage of normal animals which survive 
cooling to body temperatures between 0 and 1° C, and respiratory and cardiac 
arrest of 30-40 min has been about the same (75°) as when resuscitation was 
carried out on single mice with a hand pump. 


REFERENCE 
Goldzveig, 8. A. & Smith, A. U. (1956). J. Physiol. 182, 406-413. 
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The effect of diet on intestinal active transport. By K. D. Nzamz 
and G. Wiseman. Department of Physiology, Unwersity of Sheffield 


A search of the literature dealing with the effects of a period of severe food 
deprivation has shown that little is known about concomitant changes in 
the active transport of materials across the intestinal wall. We have, therefore, 
carried out a series of experiments designed to test the ability of rat small 
intestine to transport glucose and histidine against a concentration gradient, 
using intestine from rats in various nutritional circumstances. The preparation 
used to test active transport by the intestine was the sac of everted intestine 
described by Wilson & Wiseman (1954). Male albino rats of an inbred strain 
were used and were of a similar age and weight for each experimental group. 
In the control group (fed ad lib.) the intestine was able to produce a mean 
concentration ratio (serosal to mucosal) of 1-44+0-32 (nm = 35) for glucose 
(estimated by the method of Nelson, 1944) and 1-81 + 0-31 (n = 35) for histidine 
(estimated by the method of Macpherson, 1946). After 9 days of restricted 
feeding (so that there was about 20% loss of body weight) the intestine was 
able to produce a mean concentration ratio of 2-63 + 0-35 (n = 32) for glucose 
and 3-17 + 0-75 (m = 32) for histidine. The intestines of rats which had received 
a restricted diet for 9 days and then were fed ad lib. for a further 7 days 
produced concentration ratios similar to those of control animals. The intestines 
of rats which had received restricted diets for less than 9 days gave inter- 
mediate values. Fasting for 24 hr caused no significant change in the intestine’s 
ability to concentrate histidine but a significant change was found for glucose, 
a concentration ratio of 1-75 +0-32 (n = 42) being developed. 

_ From our results we conclude that during dietary restriction there is a 
compensatory increase in the small intestine’s ability to transport actively 
some food materials. 
REFERENCES 


Macpherson, H. T. (1946). Biochem. J. 40, 470-481. 
Nelson, N. (1944). J. diol. Chem. 158, 375-380. 
Wilson, T. H. & Wiseman, G. (1954). J. Physiol. 123, 116-125. 


Factors affecting habituation to localized heating and cooling. 
By R. M. Gregnwoop and P. D. Lewis. Department of Physiology, The 
London Hospital Medical College, London, E. 1 

‘Habituation’ indicates the reduction of response occurring with repeated 

stimuli. In earlier experiments, a hand was immersed several times daily in 

water at 47° and 4° C, and after 9-15 days there was a diminution or dis- 
appearance of the rise of heart rate and of blood pressure that normally 
accompanies such immersions (Glaser, Hall & Whittow, 1958). In those 
experiments there was an interval of 30 min between hot and cold stimuli, 
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and it was thought of interest to study the changes in the cardiac and vascular 
responses when series of alternating hot and cold immersions were made on 
successive days. 

Four students immersed a hand in water at 31° C for a control period of 
15-30 min; then the hand was placed successively in water at 47, 31, 4 
and 31° C, remaining 1 min in each water-bath. This cycle was repeated six 
times each day. Initially, arterial blood pressure and heart rate increased 
during both hot and cold immersions. After 7 days, these responses had 
decreased by half. It is concluded that habituation to heating and cooling is 
unaffected by the alternation of hot and cold stimuli. 

It was also thought of interest to determine the effect of a gradual change 
of hot and cold bath temperature on the responses of heart rate and blood 
pressure. Another group of four students, on the first day of the experiment, 
immersed a hand in water at 47° C six times for 1 min, with an interval of 
1 min between each immersion. After 15-30 min in water at 31° C, the hand 
was placed six times in water at 4° C. On the second, .third and fourth days, 
the hot and cold bath temperatures were respectively 43-5 and 14-5° C; at 
these there were no responses. Subsequently, the hot bath temperature was 
increased daily by 0-5° € and the cold bath temperature lowered by 1-5° C 
until the original temperatures were reached. Responses increased day by 
day, and those of the first and last day were equal. It is concluded that 
although habituation can occur at the same time to different repeated stimuli, 
it will not take place unless each repeated stimulus is constant. 


REFERENCE 
Glaser, E. M., Hall, M. 8. & Whittow, G. ©. (1958). J. Physiol. 140, 42P. 


Intestinal absorption of glycyl-glycine. By H. Newey and D. H. 
Smytu. Department of Physiology, University of Sheffield 
Newey & Smyth (1957) have shown that certain dipeptides if placed on the 
mucosal side of the intestine appear on the serosal side as amino acids, and 
this has been confirmed by Johnston & Wiggans (1958). This raises the question 
whether hydrolysis occurs in the mucosal fluid with subsequent transfer of 
the amino acids formed, or whether hydrolysis occurs in the mucosal cells. 
Experiments were carried out with glycyl-glycine to test these possibilities. 
Everted sacs of rat small intestine (Wilson & Wiseman, 1954) were used for 
experiments in vitro. Five sacs of equal length were made from the total 
jejunum and ileum. The mucosal solution in each case was 25 ml, bicarbonate 
saline containing 500 mg/100 ml. glucose and 125mg glycyl-glycine. The serosal 
solution was 1 ml. of the same fluid without peptide. The sacs were incubated — 


> 
a 
q 
» 
* 
q 
“| 
a 


12P PROCEEDINGS OF THE PHYSIOLOGICAL 


for 1 hr, after which the mucosal and serosal fluids of each sac were collected 
and pooled. The glycine was estimated and the total glycine produced by the 
five sacs was 124mg. Another five sacs were incubated with no peptide 
present. After 1 hr the mucosal and serosal fluids from each sac were pooled 
and to each 125 mg peptide was added. After incubation for a further hour 
the total glycine in the five experiments was found to be 29 mg. 

For the experiments in vivo the preparation of Sheff & Smyth (1955) was 
used. 50 ml. of 0-9% NaCl containing 250 mg glycyl-glycine was circulated 
through the intestine. After 1 hr 45 mg peptide was recovered, showing that 
205 mg had disappeared either by absorption or hydrolysis. In a second 
experiment 50 ml. of 0-9% NaCl was circulated through the intestine. After 
1 hr this fluid was collected, to it was added 250 mg glycyl-glycine and after 
incubation for a further hour 21 mg glycine was recovered. Thus the extra- 
cellular peptidase activity in the mucosal fluid was capable of hydrolysing 
only 19 mg peptide, whereas previously 205 mg peptide disappeared. 

From these experiments it is seen that the extracellular peptidases are 
capable of hydrolysing only a small fraction of the peptide which disappears 
from the mucosal side, and it must be concluded that glycyl-glycine can enter 
the intestinal mucosa, with subsequent intracellular hydrolysis. The results 
suggest that intracellular hydrolysis may play a part in protein digestion, and 
also that break-down of protein to amino acids in the lumen of the intestine is 
not essential in order that the final products of protein digestion should enter 
the blood stream as amino acids. The results are also consistent with the older 
view that the peptidase activity of succus entericus was related to its cellular 
content. 
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The exophthalmos-producing hormone in human serum. By 


D. MoGit. Physiology Department, Guy’s Hospital Medical School, 
London, S.E. 1 


It has been shown that the protrusion of the eyes associated with disorders 


of the endocrine system is due to the rise in intra-orbital pressure following 


an increase in volume of the retro-global tissues. It is now almost universally 
accepted that the changes in the retro-global tissues occur as a result of 
hormonal influences. There is evidence that anterior pituitary gland secretion 


plays an important role and may be responsible for the production of endocrine 
exophthalmos. 
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Since 1929 it has been known that injection of anterior pituitary gland 
extracts into various animal species is associated with the development of 
exophthalmos. In 1945 Albert showed that ocular protrusion followed the 
injection of anterior pituitary extracts into the ‘Atlantic minnow’ (Fundulus 
heteroclitus), and Dobyns & Wilson in 1954 demonstrated that the injection 
of human serum into these fish, similarly, produced exophthalmos. 

In this work a method has been evolved whereby the level of exophthalmos- 
producing substance in human serum can be assayed by the degree of exoph- 
thalmic response which develops in goldfish (Carassius auratus), following the 
injection of human serum (0-5 ml. per fish). 

__ It is suggested that the active principle in human serum which produces 
ocular protrusion in the fish is the factor responsible for the development of 
exophthalmos in human beings. Experiments indicate that: 

(1) This ‘exophthalmos-producing substance’ is present in the serum of 
normal subjects. 

(2) The circulating level is abnormally high in those patients with progressive 
_ exophthalmos. 

(3) The active principle is secreted by the pituitary gland. 
(4) It is a substance other than the thyroid-stimulating hormone. 
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Gastric studies in Europeans and Bantu in South Africa. By 
I. MacponaLp. Physiology Department, Guy’s Hospital Medical School, 
London, S.E. 1 


It is known that the incidence of peptic ulceration is much greater in Europeans 
than in the Bantu people (Eagle & Gillman, 1938), and therefore during a 
recent visit to Johannesburg the opportunity was taken to investigate the 
gastric function of Europeans and Bantu, in order to determine whether there 
was any physiological difference in the normal gastric behaviour of the two 
groups. 

foil European medical students, nine Bantu technicians working in the 
Physiology Department and eight Bantu undergraduates each received 
750 ml. test meals of sucrose solution (35 g/l.), saline solution (100 m-equiv/I.) 
and water (Hunt & Murray, 1958). The amounts of Ht, Cl and pepsin 
secreted were measured and gastric emptying was assessed from the volume 
of test meal remaining (Hunt & Spurrell, 1951). 
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No marked difference was found between the gastric behaviour of the 
technicians and that of the Bantu undergraduates and therefore the one 
of these two groups were pooled. 

The results showed the following: 

(1) Less pepsin was secreted by the Bantu in all types of meals. 

(2) The Bantu secreted less acid than the European in response to the 
sucrose and saline meals. 

(3) The Bantu secreted less chloride in response to the sucrose meal. 

(4) Gastric emptying was quicker in the Bantu in response to _ water 
meal only. 

All these results are significant at a level greater than one in forty. 

As there was little difference between the findings in the technicians and 
Bantu students it is felt that current dietary habits cannot be responsible 
for the difference between the Europeans and non-Europeans, as the Bantu 
students all lived in a university residence and consumed a diet similar to unt 
eaten by the European students. 
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Gustatory nerve impulses in ruminant ungulates. By B. A. Batpwin, 
F. R. Bext and R. L. Krronety.* Department of Physiology, Royal 
Veterinary College, London, N.W. 1 

Zotterman (1935) demonstrated that stimulation of the chemoreceptors of 

the tongue of the cat by salt, bitter and acid solutions caused a large discharge 

of impulses in the chorda tympani and glossopharyngeal nerves but sweet 
solutions produced no such response. Dogs, on the other hand, react to sweet 
solutions (Andersson, Landgren, Olsson & Zotterman, 1950). Goats (Bell, 

1959) and cattle (Bell & Williams, 1959) have been shown by the preference 

test technique to discriminate the four taste modalities of sweet, sour, salt 

and bitter. 

Using similar methods to the Swedish, the electrical response of the 
chorda tympani and glossopharyngeal of the sheep, goat and ¢alf has been 
examined on stimulation of the tongue with sapid solutions. All three species 
react strongly to acid and salt solutions and less strongly to quinine solutions. 
Reaction to sugar solutions is difficult to elicit by simple irrigation of the 
tongue but definite responses can be evoked from the glossopharyngeal, 


* Special Research Fellow, Division of Neurological Diseases and Blindness, U.S. Public 


Health Service, on leave from Division of Veterinary Anatomy, College of Veterinary Medicine, 
University of Minnesota, St Paul I, Minnesota. 
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especially when the circumvallate papillae are moved at the same time as 
the solution is applied. Saccharine produces no response although ethylene 
glycol and glycerine do so. 

Liljestrand & Zotterman (1954) showed that the cat, dog and pig have 
specific nerve endings on the tongue which respond to water alone, although 
Zotterman (1956) failed to find similar fibres in the rat. The goat, sheep and 
calf do not appear to have ‘water’ fibres, for the spontaneous activity seen 
in the chorda tympani is never increased and is usually decreased when the 
tongue is irrigated with water. Ringer’s solution does not cause any marked 
response following a water rinse in the ungulate as it does in the cat. Sodium 
bicarbonate solution, on the other hand, which simulates the ruminant saliva, 
produces a marked response, especially in the goat and calf. 
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Changes induced in blood concentrations of adrenaline, nor- 
adrenaline and third amine by the intravenous injection of 
adrenaline in cats. By Mary F. Locxerr. Department of Physiology, 
Chelsea College of Science and Technology, London, S8.W. 3 


If chloralosed cats are pretreated with hexamethonium, 2 mg/kg 1.v. and 
10 mg by subcutaneous injection, and are rested for 20 min, the plasma from 
withdrawn heparinized blood contains no adrenaline, noradrenaline or iso- 
prenaline-like substance (third amine). The method used for detection of these 
amines has been described (Lockett, 1957) and consisted of chromatographic 
separation followed by biological estimation. Blood was withdrawn from just 
above the aortic bifurcation. 

(—)Adrenaline, injected 1.v. in weights of 10-20 ug, was detectable in the 
blood stream only during the first two-thirds of the pressor response. Third 
amine appeared in the blood during the last half of the pressor response to 
adrenaline and remained there during most of the depressor phase which 
follows the first pressor effect of adrenaline. The concentrations of third amine 
found ranged from 0-7 to 3-8 ng (—)isoprenaline/ml. Neither cocaine 7 mg/kg 
subcutaneous, nor rogitine 2 mg/kg 1.v., prevented: the appearance of third 
amine in the blood after the intravenous injection of adrenaline. Attempts 
to demonstrate the formation of third amine from adrenaline by blood in vitro 
have failed. 
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The facts suggest that the third amine may be a metabolite of adrenaline. 
A metabolite can, however, have physiological function. 


REFERENCE 
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The fall of blood pressure after a noradrenaline infusion and its 
treatment by pressor agents. By J. H. Burn and M. J. Ranp. 


Department of Pharmacology, University of Oxford 


Further observations on the effect of mental arithmetic on the 
blood flow through the hand of normal, sympathectomized 
and hyperhidrotic subjects. By M. J. Atutwoop, H. Barcrorr, 
J. P. L. A. Haves and E. Hirssarvi. Sherrington School of Physiology, 
St Thomas’s Hospital, London, S.E.1 
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Simultaneous measurement of the cardiac outputs, circulation 
times and circulating volumes of red cells and plasma. By 
A. C. Groom, P. W. Roserts, 8. Row.anps and H. W. Tuomas. 
Department of Physics, St Mary’s Hospital Medical School, London, W. 2 


The technique shown before (Groom & Rowlands, 1956) can now be used with 
_ two radioactive isotopes. Blood, in which red cells are labelled with **P and 
in which albumin is labelled with ™ I, is injected rapidly into a vein of an 
anaesthetized cat. A loop cannula in series with a common carotid artery 
passes between two scintillation counters which record, simultaneously, the 
separate dilution curves of both isotopes. 

In one counter a crystal of anthracene is used to detect the -radiation of 
%P. By suitable adjustment of discriminator bias voltages in the counting 
equipment practically all pulses arising from 'I may be excluded from this 
channel. In the other counter there is a crystal of Nal:Tl which detects the 
y-radiation of I with high efficiency. f-radiation is excluded from this 


|. crystal by means of absorbers, but the weak bremsstrahlung from *P is 


detected. Interference by the radiations of one isotope in the channel appro- 
priate to the other is less than 1-5%; this interference can be measured and, 
if necessary, allowed for by calculation. 

_ The cardiac outputs of cells and plasma are determined from the two dilu- 
tion curves as in the Hamilton dye method. The instant of injection is recorded 
automatically. Circulation times are read from the dilution curves and the 
difference in circulation times between cells and plasma (Groom, Morris & 
Rowlands, 1957) may be observed directly. 

To measure cell and plasma volumes, the counts received in the two 
channels during successive 2 min intervals are plotted for a period of about 
40 min after an injection. The graphs show a loss of indicator from the 
circulation and are extrapolated to the instant of injection to give the 
dilution of the two indicators independent of this loss. The initial mixing phase 

is disregarded in making this extrapolation (Groom & Rowlands, 1958). 
_ In our experiments, where the same amount of activity is used for each 
injection, the number of determinations that can be made is limited by 
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statistical fluctuations in the background counting rate of the blood produced 
by previous injections. At least twelve successive experiments on the same 
animal are possible. The method has also been used to investigate blood flow 
through the kidney. In this case smaller amounts of each isotope may be 
injected and many more determinations may be made before interference of 
the background becomes appreciable. 


The work was assisted by grants from the Royal Society and St Mary’s Hospital Endowment 
Fund. 
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A simple pneumatic amplifier for recording the jugular and 


carotid pulses in class experiments. By W.F. Wippas. Department 


of Physiology, King’s College, London, W.C. 2 
The direct recording of the jugular pulse by cup and tambour, using the 
students’ kymograph, has proved to be unsatisfactory in class experiments. 


The principle of pneumatic amplification (Wilbrandt & de la Cuadra, 1947) 
has therefore been applied in a simplified form to this problem. 


Adjustment 


Fig. 1. Section through cylindrical jet assembly held over the skin of the neck to record 
the jugular or carotid pulses (not to scale). 


A steady flow of air, supplied by a small aerating pump via a 50 ml. reservoir 
and resistance, escapes from a jet in the cylindrical assembly illustrated in Fig. 1. 
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A small tambour, connected by a T-piece to the air supply, is inflated if the 
escape of air is partially obstructed and vice versa. The assembly is held in 
position by a tape around the neck of the subject and the position of the jet 
relative to the skin is adjusted by the control screw. 

Two sets of apparatus, used to record simultaneously the jugular and 
carotid pulses, demonstrate clearly that the rapid falling phase following the 
positive ‘c’ wave of the jugular pulse begins when the carotid pulse wave is 
still rising and corroborates the generally accepted interpretation that this 
part of the jugular pulse is atrial in origin (Fredericq, 1906). 

The apparatus has now been in use for two years and the majority of 
students have found no difficulty in obtaining satisfactory records. 


Fig. 2. Simultaneous kymograph record of the carotid and jugular pulses. 
Half-second time marker shown below. 
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An automatic oxygen consumption meter designed to facilitate a 
the investigation of a multivariate problem. By June R. Hix. | 
Department of Physiology, St Mary’s Hospital Medical School, London, W. 2 : 

In order to investigate the effect on metabolism of hypoxia, environmental 

temperature, body size and immaturity, an apparatus had to be devised which 

would measure the oxygen consumption of a single- unanaesthetized small 
mammal, breathing gas of any chosen composition between 21 and 5°, 
oxygen in nitrogen, at various environmental temperatures. 

Good time resolution was essential, so apparatus that would give a con- 
tinuous direct record was desirable; for this reason a closed-circuit technique 
was used in preference to an open-circuit one. In a closed circuit, if the 
carbon dioxide produced by the animal is absorbed, then the animal’s oxygen 
consumption is indicated continuously by the amount of gas that must be 
added to keep either the volume of the circuit, or its pressure, constant. 

The essential features of the apparatus demonstrated are: 

(1) An automatic device is used to feed oxygen into the closed circuit at 

exactly the same rate as the animal consumes it (i.e. the volume of the circuit 
is maintained continuously constant). Basically this consists of a float recorder 
linked by a photocell to a system of electro-magnetic valves. 

(2) The amount of oxygen allowed into the circuit during each minute or 
half minute is recorded on a kymograph; thus the animal’s rate of oxygen 
consumption, AO,/At, is measured with good time resolution. 

(3) The oxygen content of the circuit gas can be readily and predictably 
varied as required, but it is automatically held constant while oxygen con- 
sumption measurements are being made. 

(4) The animal’s environmental temperature can be rigidly controlled at 
any desired level. Full equilibration is rapidly achieved after altering the 
environmental temperature. 

(5) The animal is always clearly visible, so that activity, degree of cyanosis 
and other effects can be assessed. 

(6) The need for a temperature-controlled room has been obviated by 
designing the apparatus in such a way that the total circuit volume is small; 
thus the error produced by changes in room temperature or barometric 
pressure occurring during the course of an experiment is negligible compared 
with the oxygen consumption of even the smallest animal used. 

(7) The animal’s rectal temperature is measured with a thermocouple by a 
convenient method that utilizes ambient temperature as the reference point. 

This apparatus has a wide range of applications. In its present form it can 
be used to measure the oxygen consumption, in various circumstances, of | 
a single unanaesthetized animal, weighing from 50 g to 1 kg. It can easily be 
adapted to measure the oxygen consumption of larger animals, and of 
anaesthetized animals. Its special features simplify the investigation of any 
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multivariate problem where oxygen consumption is the dependent variable. 
For example, it would be very suitable for analysing the effect of a given drug 
on oxygen consumption, under various environmental temperature conditions. 


The growth rate of foetal whales. By J. F. D. Frazer and A. St G. 
Hueeerr. Departments of Physiology, Charing Cross Hospital Medical 
School and St Mary’s Hospital Medical School, London, W. 2 


Huggett & Widdas (1951) showed that among land mammals in the latter part 
of pregnancy a linear relationship existed between the length and the age of 
the foetus. Further, the slope of this line was approximately the same for the 
different species within any one Order, so that the differences in birth size were 
achieved by differences in gestation period. From what was known at that 
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Fig. 1. Growth rates of foetal whales in the latter part of pregnancy. The period t,-¢, is the period 
of ‘ Late Prenatal Growth’ as defined in Huggett & Widdas (1951), where ¢, is the period from 
conception and ¢, is the beginning of ‘Late Prenatal Growth’. This is defined as the period in 
the later part of intra-uterine life when both foetal length and the cube root of foetal weight 


time, the rate of growth of foetal whales, as judged by the Blue Whale, seemed 
to be at least ten times as fast as that of any other mammal and 500 to 1000 
times as fast as the human foetus. 

Data on the dimensions of foetal whales of different species have now been 


obtained from the International Whaling Statistics up till 1956 and from 
b-3 
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measurements made in the Faroe Isles in 1957. Plots of foetal length against 
the day of the year (Frazer & Huggett, 1958) have enabled estimates of the 
length of gestation to be obtained for several Cetacean species. Foetal growth 
rates are rectilinear but differ from species to species. Cetaceans, therefore, 
seem to differ from land mammals in that species differences in birth size are 
achieved mainly by altering the rate of growth rather than length of intra- 
uterine life (see Fig. 1). 
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Some changes in the hypothalamus and proximal pituitary stalk 
after stalk section. By Becx* and P. M. Dante. Depart- 
ment of Neuropathology, Institute of Psychiatry, Maudsley Hospital, 
London, S.E.5 

A study is being made of the changes which are found in the hypothalamus 

and the stump of the pituitary stalk after pituitary stalk section (or hypo- 

physectomy) in various species. In all cases the hypothalamus had been 
separated from the pituitary fossa by an impenetrable barrier. The material 
so far examined comes from six human cases, with survival times ranging 
from 3 weeks to 26 months, nine goats surviving for 2 days to 3 weeks, two 
sheep surviving respectively for 54 days and 3 months and a series of normal 
controls. In each case the whole hypothalamic region was studied in serial 
sections with a variety of staining methods including chrome alum haemat- 
oxylin (CAH) for staining so-called neurosecretion. Well-marked changes 
were found in the supraoptic and the paraventricular nuclei (and the tuberal 
nuclei in the human) and in the proximal stump of the pituitary stalk. The 
changes found were essentially the same in each species, though developing at 
different rates in each. | 

In the human cases the supraoptic nuclei showed a progressive loss of nerve 
cells and an increasing gliosis until at 26 months virtually no nerve cells 
remained in the nucleus, whose extent was outlined by the dense gliosis. The 

CAH-positive material present in the nucleus was markedly increased at 

3 weeks, and was still seen in the surviving nerve cells and axons at 2 and 

6 months though none was found in the few surviving nerve cells at 26 months. 

The normal paraventricular nucleus in the human is composed mainly of 
large nerve cells, with which are intermingled a moderate number of small 
nerve cells. As in the supraoptic nucleus there was a progressive loss of nerve 
cells until at 26 months virtually no large nerve cells were left, although a fair 
number of small nerve cells remained. The glial proliferation was similar to 


2 Assisted by a grant from the research funds of the Bethlem Royal and Maudsley Hospitals. 


¢ 
I 


’ 
+ 


SOCIETY, 20-21 FEBRUARY 1959 23P 


that in the supraoptic nucleus, as were the changes in the amount of CAH- 
positive material. 

In all cases the nerve cells of the tuberal nuclei showed a curious svdiing 
with dissolution of the Nissl substance, and a foam-like appearance of the 
cytoplasm. The nuclei were unusually darkly staining and were displaced to 
the very margin of the cells. The picture differed from the accepted one of 
retrograde degeneration. 

At 3 weeks (three cases) the proximal stump of the pituitary stalk showed a 
central area of necrosis which contained much amorphous CAH-positive 
material. The necrotic central part of the stump was surrounded by a rim of 
living tissue. Silver staining showed that the supraoptic-hypophysial tract 
ended abruptly, just proximal to the necrotic area, and that there were many 
typical retraction bulbs at the end of the tract. At 2 months (one case) nerve 
fibres had grown into the formerly necrotic area and CAH-positive fibres were 
present dorsal to the small scar which represented the original necrotic area. 
No CAH-positive material was seen in this scar, but some was present in 
phagocytes. There was a considerable reticulin network throughout the 
proximal stump. At 6 months (one case) and 26 months (one case) the stump 
was fully reorganized and reinnervated, and abundant CAH-positive material 
was seen as beaded fibres, in vessel walls and as Herring corpuscles, There was 
a profuse reticulin network throughout the reorganized stump, which suggests 
that there had been an initial area of necrosis in the centre of the stump in 
these late cases, as in the cases with short survival. The appearance of the 
reorganized stump, except for the excess of reticulin fibres, resembled more a 
normal posterior pituitary lobe than a normal pituitary stalk. 

Although the goats and sheep showed essentially similar changes to those 
found in the humans there were certain differences, and we have not. yet 
examined the brains of animals surviving longer than 3 months. Loss of nerve 
cells in the supraoptic and paraventricular nuclei was less severe than in the 
human cases, while the gliosis was equally pronounced. There was in addition 
a very marked increase in fibroblasts and reticulin in those animals surviving 
for 4 and 54 days, a surprising finding not seen in the animals surviving 
for longer periods. There was no increase in CAH-positive material in the 
nerve cells and fibres of these nuclei, in contrast to the comparable human 
cases. 

The proximal stump of the pituitary stalk in the early cases showed a central 
area of necrosis as in the human, with an accumulation of amorphous CAH- 
positive material in the necrotic area. Similarly, the supraoptic-hypophysial 
tract ended just proximal to the necrotic area and here showed many retrac- 
tion bulbs. The animals differed from the humans in that many of the fibres 
of this tract gave a CAH-positive reaction in animals with short survival times. 
In three animals surviving for 19 days, 21 days, and 3 months the stalk was 
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completely reorganized (with a much increased reticulin network) and reinner- 
vated; CAH-positive substance was seen as beaded fibres, and in vessel 
walls. A surprising finding was the presence of many CAH-positive fibres 
entering the pars tuberalis and ramifying amongst its cells. 

One other interesting finding in the animals was the presence of mitotic 
figures in cells of the pars tuberalis, suggesting that some regeneration of this 
tissue was taking place. 


A method for studying the mechanics of the human bladder outlet. 


By 8. A. Vincent. Department of Physiology, Queen’s University of 
Belfast 


Continuous recording of short-circuit current through frog skin. 
By G. H. Wrigut. Department of Physiology, St Mary’s Hospital Medical 
School, London, W. 2 


Since there is a p.d. across living frog skin (inside positive with respect to 
outside) even when there are identical solutions on each side of the skin, it 
must be possible to draw current from it by connecting the two sides through 
an external circuit (Francis, 1933). If reversible electrodes of very low impe- 
dance were available the whole of this current could be tapped off and 
measured. Such a current is defined as the short-circuit current of the skin 
(Ussing & Zerahn, 1951). Since no such electrodes are available the short- 
circuit current has been measured by passing a counter current through the 
skin in a direction opposite to that of the active current until the p.d. across 
the skin is equal to zero: the counter current is then equal to the short-circuit 
current (Ussing & Zerahn, 1951). In the past, the counter current has been 
obtained by tapping off current from a high tension source by means of a 
potentiometer which is operated manually or by a servo motor actuated by 
the d.c. output of the d.c. millivoltmeter used to measure the p.d. across the 
skin (Mullins, 1958). However, rapid changes in short-circuit current cannot 
be measured accurately by these means since mechanically moving parts are 
involved. 

This demonstration shows how the short-circuit current may be measured 
continuously without the aid of any mechanically moving 

The p.d. across the skin is measured by means of a ‘Vibron’ Model 33 B 
millivoltmeter manufactured by Electronic Instruments Ltd. This instrument 
converts the d.c. input into an alternating p.d. which is then amplified by an 
a.c. amplifying circuit, the output being finally fed through a phase-sensitive 
rectifier and meter. By means of two test sockets provided in the back of the 
instrument an alternating p.d. proportional to the d.c. input can be tapped off 
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and amplified by a simple error amplifier. The output of the error amplifier is 
isolated by means of a transformer, rectified by a double diode, smoothed and 
fed back through the skin in opposite phase to the active current. 

The skin is mounted in an apparatus similar to that described by Ussing & 
Zerahn (1951), only constructed of glass: Calomel electrodes are used for p.d. 
measurements and Ag-—Ag(l electrodes for passage of current. 

It is found that, using this apparatus, a p.d. of 80 mV across 2-5 cm? of 
frog skin can be reduced to less than 0-5 mV, the output current of the error 
amplifier then being about 200 vA. 


This work was assisted by a grant from the Central Research Fund, University of London. 
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An economical method for automatic recording of serial counts. 
By D. Knieut and M. Weatuera.y. Departments of Pharmacology and 
Physiology, London Hospital Medical College, London, E. 1 


In a variety of experiments, for instance on the efflux of radioactive tracers 
from tissues, repeated counts are sometimes required for several hours during 
which the experiment otherwise requires little attention. By using the output 
of an electronic scaler to trigger the release of a train of pulses from any con- 
venient source (a square wave stimulator may be used) and feeding the train of 
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pulses to a tape recorder, records are obtained of the time intervals between 
successive » counts, where n is determined by the scaler used. The record may 
be played back for auditory interpretation, or fed to an oscilloscope and 
photographed on a slow film for measurement. It is convenient to play back 
at a faster speed than that at which the record is made. With a gain of x4 in 
the tape speeds and a camera speed of 0-05 in./sec an hour’s counts are sum- 
marized on 45 in. (84cm) of film. Additional information, e.g. about the heart 
rate or other quantal events, is incorporated in the same record by using similar 
triggering to release trains of other duration, amplitude or frequency. The 
number of inputs is limited by the ease of decoding from tape or film, Time 
signals are introduced directly to the tape from a Palmer clock, and identifica- 
tion of the records made by verbal commentary through a microphone. 


The adsorption of sulphobromophthalein (BSP) on alumina 
chromatographical columns. By W. H. H. AnprEews. Department 
of Pharmacology, St Mary’s Hospital Medical School, London, W. 2 


Krebs & Brauer (1958) have described a technique for chromatography of 
sulphobromophthalein on an alumina column. They added 10 ml. acetone to 
5 ml. aqueous BSP solution and passed the water/acetone through a column of 
alumina,(Alcoa F-20 80/200 mesh). All the BSP was retained on the column, 
but it could be eluted with the following solution: 10° sodium sulphate solu- 
tion, 4 ml.; concentrated ammonia water, 4 ml.; distilled water, 42 ml.; 
acetone, 50 ml. Crystalline BSP appeared to be a single compound, but BSP 
which had been excreted into rat bile was present in three coloured compounds, 
designated I, II, and III according to the order in which they were eluted from 
the alumina. Compound I of bile appears to be identical with crystalline BSP; 
compounds II and III are of unknown composition. 

The work of Krebs & Brauer was repeated in this laboratory. As no crystal- 
line BSP was available the BSP used was that supplied in ampoules for 
medical use by Savory and Moore, Ltd. and the chromatography was done on 
two types of alumina; Alcoa, as above, and type ‘H’ 100/200 mesh supplied 
by Peter Spence and Sons Ltd. Identical results were obtained with both 
aluminas. The columns were delineated above and below with acid-washed 
sand which was subsequently washed with aqueous acetone. 

A dilute aqueous solution of BSP from the ampoule was added to acetone 
in the ratio of 3:7 (v/v). After the resultant solution had been adsorbed on to 
the column it could be eluted with the same strength of aqueous acetone. 
Virtually all (>98%) the BSP was eluted, apparently as one compound, by 
the aqueous acetone. A small component which was approximately in the 
region of compound II was revealed by addition of the Krebs—Brauer elution 
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fluid referred to above, but it was sufficiently small to be disregarded in the 
general analysis of BSP from various sources such as blood and bile. 

After secretion into bile in rats, the BSP was recovered in three chromato- 
graphically different compounds. Compound I corresponded to the ampoule 
BSP, i.e. it could be eluted by the 3:7 water—acetone mixture, and it therefore 
did not correspond to compound I of Krebs & Brauer. The other two compounds 
appeared to be identical with compounds II and III of these workers. 

Rats under urethane anaesthesia were injected with BSP subcutaneously 
and bile samples were collected. Injection of sodium dehydrocholate, which 


_ profoundly alters the concentration of BSP in bile and to a lesser extent in 


blood, did not affect the chromatographic pattern of the dye in the bile. 

There appears therefore to be a difference between the BSP used by Krebs 
& Brauer and that used in this laboratory: the difference extended also to the 
compounds [ which were recovered from bile. Direct comparison between the 
two varieties of BSP has not yet been made in one laboratory. It is evident 
however that the BSP supplied by Savory and Moore is sufficiently pure to 
give accurate results in chromatographical techniques. 
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A qualitative dark adaptometer for use with experimental animals. 
By F. C. Ropesr. Institute of Ophthalmology, Aligarh University, India 


It is not known whether or not structural changes underlie hemeralopia in the 
human, for obviously histopathologieal material of this nature is impossible 
to get. It is believed this is the first dark adaptometer devised for use with 
experimental animals, at last holding out the prospect of our being able to 
answer this problem. , 

In this Institute monkeys have been trained in the Pavlovian principle to 
pass through a tunnel 12 ft. (3-66 m) long and 2 ft. (61 cm) in breadth and 
height under conditions first of light and then of dark adaptation. A controlled 
synthetic diet deficient in vitamin A, all other vitamins being administered by 
tube, can then be administered and visual function investigated under con- 
ditions of dark adaptation. 

The time taken to traverse the tunnel is noted daily and when the animals 
touch any of four baffle walls, partial obstacles to their passage, this is in- 
dicated by a flash on the neon lights attached to each, which are suitably 
earthed. The baffle walls are moved into different positions daily, the permuta- 
tions being selected at random, so that it is impossible for the animals to 
memorize the route. The baffles are never closer together than 12 in. (30-5 cm). 

The monkeys are first light-adapted for 10 min in bright sunlight inside a 
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reflector and then dark-adapted for 7 min in a compartment contiguous with 
the tunnel before opening the communicating door and passing into the tunnel] 
proper. The interior illumination of the latter can be adjusted with a resistance 
for the varying phases of dark adaptation on estimates made by human 
subjects. As the tunnel is large enough to take a full-sized man, the required 
intensity of illumination after 10 min light and 7 min dark-adaptation is 
obtained by trial and error. This estimate will naturally be very accurate. 
Monkeys take readily to the procedure; they do not mind light-adaptation as 
long as the source of light is natural; and they are not frightened by dark- 
adaptation. They do not appear to require or want to touch the baffle walls as 
long as they can see them. The average traverse time of rhesus monkeys on a 
stock diet is 12 sec and the average number of touches 1-0 approx. after 2-3 


months’ training. 
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It is expected that when the experimental animals become hemeralopic on 
a diet deficient in vitamin A the traverse time will become longer, and the 
number of touches (neon flashes) will increase. At this stage the animals may 
be killed and their eyeballs examined under the microscope. Blood assays for 
vitamin A and the carotenoids and the fluorescence of liver biopsies can be 
carried out to control the degree of A deficiency. 

The principle utilized here to investigate the primates may be applied in the 
construction of similar tunnels for smaller animals. 


The specific deposition of chemical substances on the lens capsule. 
By K. R. Burrerwortn, H. C. Stewart and Marta Weinstock. Depart- 
ment of Pharmacology, St Mary’s Hospital Medical School, London, W. 2 

It has been reported that morphine, pethidine, methadone and related anal- 

gesic drugs produce a reversible opacity of the lens when given parenterally 
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to rodents (Weinstock, Stewart & Butterworth, 1958). The cause of this 
opacity was found to be a deposit which occurs on the anterior surface of the 
lens capsule. 

This demonstration shows, by an examination of the dissected eye, that this 
deposition does not occur elsewhere. Enucleated normal lenses placed in 
solutions of these analgesic drugs also become opaque, but this effect differs 
from that produced im vivo because the whole capsule is involved. This sug- 
gests that the anterior surface of the lens does not differ in sensitivity, but 


_ that the causative substance only gains access to the anterior chamber. 


Unlike the effects of agents which denature proteins, the action of these 
analgesic drugs can be reversed when the lenses are removed and washed in 
normal saline. 

The opacity is reversed in vivo by N-allylnormorphine (Nalorphine) which 
is known to prevent and to antagonize other side actions as well as the 
analgesia induced by morphine and related compounds. The mechanism of 
action of Nalorphine is not as yet fully understood. Other drugs which reduce 
the incidence of this opacity include dibenamine and acetazolamide, whose 
actions are produced by a diminution in the rate of secretion of aqueous 
humour, so that less of the active agent reaches the eye. Conversely, if the 
flow of aqueous humour is increased the opacity becomes more pronounced. 
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The estimation of sorbitol in foetal sheep plasma. By H. G. Britton. 
Department of Physiology, St Mary’s Medical School, London, W. 2 


The estimation of sorbitol in sheep foetal plasma by periodate oxidation and 
determination of the formaldehyde formed is invalidated by the presence of 
other formaldehydogenic substances, the most important being fructose and 
glycerol. In the method to be demonstrated the reducing sugars are removed by 
ion exchange resins and separation from glycerol is effected by paper chroma- 
tography. Deproteinization of the plasma is carried out with zinc and barium 
(Somogyi, 1945) with a dilution factor of 1:10 and 2 ml. of the resultant solu- 
tion is filtered slowly through a column of washed CO,-free ‘ Biodeminrolit’* 
(length 10 cm, volume 2-2 ml.). After washing the column with a further 18 ml. 
of CO,-free water, the filtrate and washings are reduced in volume with gentle 
heat and applied to a Whatman no. 4 paper for quantitative chromatography 
by the technique of Gey (1956): the chromatogram is developed for 14 hr with 
a mixture of amyl alcohol, pyridine and water (4:3:2) (Kawerau, 1956). The 


* * Biodeminrolit.’ The Permutit Co. Ltd., Permutit House, Gunnersbury Avenue, London, W. 4. 
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sorbitol extracted is estimated by the method of Corcoran & Page (1947) 
modified by the use of sodium sulphite (0-5 ml. of a solution containing 26 g 
Na,SO,7H,0/100 ml.; Speck & Forist, 1954) to neutralize the periodate and 
thiourea (2 ml. half-saturated solution; Frisell, Meech & Mackenzie, 1954) to 
remove the iodine before colorimetry: the final dilution step is omitted. 
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A hollow cast of the upper bronchial tree for studying the mode 
of gas flow. By P. Huas-Jonzs and J.B. West. Postgraduate Medical 
School, Ducane Road, London, W. 12 


Effect of supplementing a raw meat diet with calcium on the 

behaviour of cats and a lion. (Film.) By J. P. Greaves, M. G. 

_ Scorr and Parricia P. Scorr. Department of Physiology, Royal Free 

Hospital School of Medicine, London, W.C. 1, and Division of Histology, 
Royal Veterinary College, London, N.W. 1 


Early human foetal activity. (Film.) By D. Hooxer. Department of 
Anatomy, School of Medicine, University of Pittsburg, Penn., U.S.A. 


Counting of “C on paper disks. By H. G. Brirron and E. C. Lone. 
Department of Physiology, St Mary’s Hospital Medical School, London, W. 2 


Radioactive scanner for paper chromatograms. By E. C. Lone. 
Department of Physiology, St Mary’s Hospital Medical School, London, W.2 


The twitch responses of muscles containing admixtures of fast and 
slow muscle fibres. By A.J. Bue. Sherrington School of assisted 
St Thomas’s Hospital Medical School, London, S.E. 1 : 
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Afferent fibre potentials in the spinal cord. By J.C. Eccums and 
K. Kansevi6é. Physiology Department, Australian National University, 
Canberra 


Standard procedures of intracellular recording have been employed in studying 
the potential changes which afferent volleys produce in cutaneous and muscle 
primary afferent fibres in the dorsal region of the spinal cord (cf. Koketsu, 
1956). Altogether over 300 fibres were investigated in this way and long 
controlled series were often possible, though rapid deterioration was more 
frequent than with motoneurones. Membrane potential changes were deter- 
mined by subtracting from the intracellular potentials the potentials produced 
under the same conditions just outside the fibre. 

With fibres in good condition the resting potential was about —70 mV and 
the spike potential over 90 mV and about 0-5 msec in duration. The spike 
potentials of both muscle and cutaneous afferent fibres declined to a low pro- 
longed after-depolarization (ADP) of 1-2 mV and 20-50 msec duration. 

In addition to the ADP, which is produced in a fibre solely by its own im- 
pulse, a cutaneous afferent volley produces a large and prolonged (100- 
200 msec) depolarization of cutaneous afferent fibres to which the impulse of 
the fibre does not specially contribute. All features of this potential serve to 
establish that it is responsible for the dorsal root potential that propagates 
electrotonically from the spinal cord along dorsal root fibres (Barron & 
Matthews, 1938), so it will be called the DRP. The DRP is not exclusive to 
cutaneous afferents, being produced by some Group I muscle afferent volleys, 
and even occurring in some Group I muscle afferent fibres. 

Primary afferent fibres were hyperpolarized and depolarized by passing 
currents in the appropriate directions through non-polarizable electrodes 
placed on the dorsal root, one at its entry to the cord and one more distally. 
Depolarization diminished and hyperpolarization increased the ADP. Usually 
similar, but smaller, changes can be demonstrated for the DRP. 

After tetanization of an afferent fibre there is a prolonged hyperpolarization 
(cf. Woolsey & Larrabee, 1940), which may have a size of several millivolts and 
be over 60 sec in duration. The ADP and DRP are both potentiated through- 
out this after-hyperpolarization of the fibre. Repetitive stimulation of other 
fibres causes no potentiation of DRP’s produced by any test afferent volley 
(cf. Woolsey & Larrabee, 1940). 

In accordance with the postulate of Bonnet & Bremer (1952) cells have been 
found in the dorsal horn that have very large synaptic potentials (up to 40 mV) 
with a time course comparable with the DRP’s (up to 200 msec), and the 
Same preponderant activation by cutaneous volleys. It is postulated that 
DRP’s are produced by the depolarization of the synaptic terminals of primary 
afferent fibres on these cells. This reverse synaptic transmission could be due 
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either to chemical transmitters or to electric currents, and on either hypothesis 
it is possible to explain the potentiation of the DRP by hyperpolarization. 
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Active state in Mytilus muscle. By J. Lowy and B. M. Mitimay. 
Wheatstone Physics Laboratory, King’s College, London, W.C. 2 


Hill (1949) showed that active state in frog sartorius muscle decays more 
rapidly than tension. This is even more pronounced in the smooth muscles of 
Mytilus edulis, and in fact the most striking difference between these two 
types of muscle is the much slower tension decay in the smooth one. Thus, in 
comparison with frog sartorius (at 0° C), we found that the rate of tension 
decay was of the order of 100 times slower in the twitch response (at 20° C) of 
the smooth anterior byssus retractor muscle (ABRM) of Mytilus, whereas the 


rate of rise of tension and the rate of decay of active state were only about 


10 times slower. 3 

The ABRM does not give a maximal twitch. But consistently reproducible 
twitch responses result when single shocks of 5-10 V and 2 msec duration are 
used. The tension developed was found to be 8-12 times less than the maxi- 
mum produced by reflex stimulation, by repetitive shocks (4/sec), by direct 
current (d.c.), or by acetylcholine (usually 10-* g/ml.). Very often the ABRM 
produces tensions as high as 10 kg/cm*. After a quick release at constant 
speed during any of these types of stimulation there was recovery of tension 
up to 95 %, of the tension normally developed at the shorter length. The rate of 
rise of tension after a quick release was appreciably greater than that of the 
initial rise of tension, This observation and the high tetanus: twitch ratio 
suggest that maximal activation is attained by some process of recruitment. 

Following a quick release during prolonged stimulation by repetitive shocks 
the amount of recovery of tension was found to diminish with time. Appa- 
rently this type of stimulus cannot maintain a state of maximal activation. 
Other evidence indicates that repetitive shocks produce ‘spontaneous’ 
activity, not a tetanic response as in frog sartorius. 

‘Spontaneous’ activity after stimulation by repetitive shocks was usually 
short-lasting and the muscle relaxed rapidly. The amount of recovery of 
tension following a quick release 1 sec after the last shock was seldom greater 
than 30%. In contrast, after stimulation by 12 V d.c. applied for 10 sec, 
relaxation was very slow, and the amount of recovery of tension following a 
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quick release was 55 and 23%, 18 and 600 sec respectively after cessation of 
the stimulus; similar results were obtained when the ABRM was treated for 
10-15 see with acetylcholine. Evidently in these last two cases ‘ spontaneous’ 
activity continues much longer after stimulation. Thus the already very slow 
intrinsic rate of decay of tension is slowed down still further, and this must be 
part of the explanation for the well-known ‘tonic’ nature of the d.c. and 
acetylcholine responses in Mytilus smooth muscles. . 
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Inactivation of oxytocin by plasma of pregnant women. By S. E. 
Dicker and G. A. Wuytey. Department of Pharmacology, University 
College London, and University College Obstetric Hospital London 

Blood samples were taken from (a) 52 pregnant women (duration of pregnancy 

from the 13th week after conception to term); (b) 14 patients in labour; and 

(c) 20 post-natal cases. Blood samples from seven non-pregnant women and 

two men were used as controls. Blood was taken with siliconed syringes, and 

collected in chilled siliconed glass centrifuge tubes containing about 5 mg 
heparin. Plasma was separated by centrifugation and removed, avoiding the 
buffy coat. Ten units of oxytocin (Pitocin; Parke Davis and Co.) was added 
to 2:0 ml. plasma and diluted to 10 ml. with de Jalon, Bayo & de Jalon’s 
solution. The pH of the solution was adjusted to 7-0 and kept at that 
value by addition of Na,CO,. One millilitre of this solution was plunged 
immediately into boiling water for 3 min, cooled, diluted 100 times, filtered and 
assayed. The amount of oxytocic activity estimated in this sample was taken 
as representing that in the plasma mixture before incubation. The remaining 

9-0 ml. was incubated at 37° C for 10, 20 or 60 min; at the end of the incuba- 

tion period, 1-0 ml. of each sample was put into boiling water for 3 min and 

treated in the same way as the control sample. 

No inactivation of oxytocin was observed after incubation up to 60 min with 
plasma of men, non-pregnant women or pregnant women whose pregnancy 
was shorter than 13 weeks. Plasma from women pregnant. for more than 
13 weeks always inactivated added oxytocin. The amount of oxytocin in- 
activated increased regularly with the duration of pregnancy up to the 36th 
week, after which no further increase took place. After delivery the rate at 
which plasma inactivated oxytocin decreased slowly. Some degree of inactiva- 
tion could still be observed after incubation with plasma taken from women 
10 days after delivery. 

The inactivation of oxytocin by plasma of pregnant and post-parturient 
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women would appear to be of enzymotic nature, because inter aha it is not 
affected by prolonged dialysis at 4° C; inactivation is most pronounced at 
pH 6-5-7-5; no inactivation was observed at pH 5 or pH 9; furthermore, the 
enzymic activity can be precipitated with ammonium sulphate at 50°, 
saturation at pH 7-0-7-2. Heating plasma for 10 min at 58~-60° C destroys 
the enzyme. 

Investigations in progress suggest that the inactivation of oxytocin by 
plasma of pregnant women may be due to the presence of more than one 
factor. Audrain & Clauser (1958) have already shown that oxytocin can be 
inactivated by splitting of the S-S link, in a way similar to that found by 
Dicker & Greenbaum (1958) for vasopressin. 
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The acute effect of different adrenal corticoids upon the excretion 
of acid and potassium by the human kidney. By J. N. Mis, 
S. Tomas and K. 8. Department of Physiology, 
of Manchester 


Oertain observations have led us to suspect a difference between aldosterone 
and deoxycorticosterone, on the one hand, and cortisol, on the other hand, in 
their effect upon renal excretion of cation. While all three alike depress sodium 
excretion, it appears that cortisol may promote reabsorption in exchange for 
K, with even some impairment of acid excretion; aldosterone and deoxy- 
corticosterone seem to promote exchange rather for hydrion, with much less 
effect upon potassium. 

Urinary excretion of sodium, potassium, ammonium and acid has been 
measured in five healthy seated subjects for 3-5 hr after an intravenous injec- 
tion of adrenal corticoid given shortly after midday. Three corticoids have 
been used: cortisol (100 mg as hemisuccinate, Upjohn or Glaxo), deoxycorti- 
costerone (20 or 30 mg as glucoside, Ciba, DOCG) and aldosterone (0-5 mg 
racemic monoacetate, Ciba). The complete series performed on each subject 
consisted of one experiment without hormone injection and one with each 
hormone (DOCG was given twice to one subject). The effect of each hormone 
was thus observed against a background of spontaneous change which occurs 
in control experiments. 

Sodium output always fell during the afternoon, but much more after 
hormone injection than in control experiments. The ratio Na: K output, which 
rose in control experiments, fell dramatically after all hormones. Potassium 
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output fell steadily in control experiments, but after cortisol this fall was 
arrested and the output rose. After DOCG or aldosterone the behaviour was 
intermediate: potassium excretion either fell less than in controls, or even rose 
slightly. Since total electrolyte excretion fell steadily in the afternoon in all 
experiments, with or without hormone injection, the differences in handling 
of potassium are seen most clearly if its excretion is expressed as a proportion 
of the total determined kations (Na+K+NH,+H,PO,-, this last being 
treated as hydrion which has combined with HPO,?-). Potassium excretion, 
thus expressed, fell in controls and rose after cortisol; the excretion after 
aldosterone and DOCG was intermediate, either remaining stationary or rising 
moderately. 

The proportion of kation excretion ascribed to hydrion (NH,+H,PO,-), by 
contrast, rose during the afternoon in all controls. In experiments after aldo- 
sterone or DOCG the rise was much greater than (9 expts.) or similar to (2 expts.) 
that in controls. After cortisol this proportional acid excretion was similar to 
(3 subjects) or less than (2 subjects) that in controls. 

A clear-cut discrimination between the action of these hormones may be 
observed by calculating the ratio of (NH,+H,PO,-): K excretion in successive 
urine samples. This ratio rose notably and similarly in control experiments 
and in those after injection of aldosterone or deoxycorticosterone, whereas 
after cortisol the rise was prevented or reversed. 


The influence of potassium concentration on strophanthin inhibi- 
tion of the frog’s skin. By B. P. Wuirney and W. F. Wippas. 
Department of Physiology, King’s College, London, W.C. 2 

The inhibition of active ionic transfer in red cells by cardiac glycosides is 

presumed to be a membrane effect (Schatzmann, 1953). Ussing & Koefoed- 

Johnsen (verbal communication) have described a similar inhibition of active 

ionic transfer in the frog’s skin. 

Strophanthin G (10-*, w/v), after a short latent period, causes a decay in the 
potential and short-circuit current with a half-time of about 45 min at 19° C. 
Similar decays were observed in K+-free Ringer’s solution, and experiments 
were therefore carried out to see if there was a competitive action between K+ 
and glycoside as in the red cell (Glynn, 1957). 

In some experiments excess KC] was added to both sides of the skin after 
strophanthin had caused the short-circuit current to decay to between 20 and 
80% of its pre-treatment value. This checked the rate of fall of current but 
caused no significant reversal of the inhibition. A reversal of inhibition of a 


temporary nature was obtained if the strophanthin-containing medium was 
c-2 
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replaced by fresh Ringer’s solution before adding the excess KCl. In no case 
did the short-circuit current return to the pre-treatment value. 

In experiments in which the K+ concentration of the Ringer’s solution was 
raised before adding the strophanthin a more reproducible effect was observed. 
In all cases the rate of. decay of short-circuit current (measured for 30 sec 
every 10 min by an automatic apparatus) was reduced by raising the K+ 
concentration. The latent period was also prolonged. 

When decaying to 50%, of the pre-treatment value the short-circuit current 
bore an approximately linear relationship to time and the percentage fall-off 
_ was similar for skins of different initial short-circuit current. With 10~* (w/v) 
strophanthin G the decay of short-circuit current in Ringer’s solution (K+ 
2-7 m-equiv/l.) was 1-3°%/min. This was reduced to 0-53%/min by raising the 
K+ concentration to 10 m-equiv/l. and to 0-3°,/min with K+ at 33 m-equiv/I. 
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Calcium deficiency in cats on a high protein diet, raw heart. By 
J. P. Greaves, M. G. Scorr and Patricia P. Scorr. Department of 
Physiology, Royal Free Hospital School of Medicine, London, W.C. 1, 
and Division of Histology, Royal Veterinary College, London, N.W. 1 

While studying the effect of feeding native protein at a high level (unsupple- 

mented raw heart, protein =75%, fat =16% on dry-wt. basis) to weaned 

kittens, we observed characteristic behavioural changes in 6-8 weeks. The 
kittens, previously highly active, growing well and healthy in appearance, 
became quiet, nervous, sensitive to noise and resented handling. They 
developed a limping gait, became ataxic and finally paralysed in the hind 
limbs. Radiographic examination showed progressive rarefaction of the 
skeleton, resulting finally in characteristic ‘folding’ fractures at the metaphyses 
of long bones and collapse of vertebral bodies with damage to the spinal cord 
sufficient to account for the paralysis. Bones became softened, so that they 
could be cut with a knife, and were markedly hyperaemic, especially the skull 
and scapulae. ‘Winging’ of the scapulae and hollow back due to ventral 
curvature of the lumbo-sacral vertebral column was detectable in the living 
animal, but long bones were only deformed when fractured. Histologically 
osteoporosis, reduced trabeculae and thin cortex were characteristic, but there 
was no evidence of rachitic change in the epiphyseal cartilages. 

The kittens ate about 150 g of the raw heart daily, which contained = 10 mg 

Ca and 200 mg P/100 g, giving a Ca:P ratio of 0-05. Correction of this ratio to 

1-0 by adding Ca gluconate or CaCO, from the beginning entirely prevented 
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the appearance of symptoms referable to the skeleton even after 8 months. 
Moreover, posture and gait were rapidly improved by adding Ca at this con- 
centration to the diet of depleted kittens, although supplementation at the 
level giving a ratio of 0-5 was insufficient. Identical behavioural and skeletal 
changes were observed in kittens given a purified diet based on casein in which 
the Ca level was similar to that in heart, but controls receiving a Ca: P ratio of 
1-1 remained normal. 

We have found evidence of osteoporosis, associated with flesh-eating habits, 
in young captive lions and foxes, and in those domestic cats, especially Siamese, 
who have been fed on a meat diet excluding bone. The contention that this 
condition, referred to as osteogenesis imperfecta (Holmes & Price, 1957; Coop, 
1958) is of genetic origin in dogs and cats fed on ‘good meat diets’ appears to 
us to be without foundation. 
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Effect of labyrinthine stimulation on reflex and postural activity 
in gastrocnemius -soleus muscle group in man. By A. J. Benson. 
Royal Air Force Institute of Aviation Medicine, Farnborough, Hants 


Changes in reflex activity and the integrated electromyogram of the gastro- 
cnemius-soleus muscle group following a simple labyrinthine stimulus were 
examined in twenty-five normal subjects. The subject sat, knelt or lay on a 
turn-table which could be rotated in a horizontal plane. The head was upright 
or tilted forwards ome 30° and supported in position; opaque goggles were 
worn. 

Deceleration of the turn-table from a constant angular velocity to rest in 
0-5-1-0 sec was found to increase the amplitude of the repetitively elicited 
ankle jerk response. This facilitation was maximal in the first 2 sec after 
deceleration, after which it decayed with an approximately exponential time 
course which showed subsidiary peaks of facilitation at 5-10 sec intervals. 
Facilitation of the myotatic reflex response was seen irrespective of the direc- 
tion of rotation but was always greater in the trailing limb. In sixteen subjects 
the average peak facilitation of the right ankle-jerk response after deceleration 
from an angular velocity of 95°/sec was 73 and 136% after rotation to the 
right and left respectively. The magnitude of the initial facilitation was found 
to be linearly related (0-001 < P <0-05) to the velocity of the turn-table before 
deceleration over the range 20—-110°/sec. 

With the subject standing on the turn-table, electromyographic activity 
was recorded from the gastrocnemius soleus muscle group and integrated 
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over 1 sec periods. After deceleration the pattern of increased activity was 
found to be similar to that of the myotatic reflex response. A functionally 
labyrinthectomized subject failed to show a corresponding change in the 
myotatic reflex response and only a small and comparatively brief increase 
in electromyographic activity was seen consequent to deceleration. 

The monosynaptic response (Hoffmann reflex) recorded from the gastrocne- 
mius-soleus muscle on percutaneouselectrical stimulation of the medial popliteal 
nerve did not change significantly in amplitude with labyrinthine stimulation. 
It is therefore concluded that in man the labyrinth exerts its influence on 
the somatic musculature via the y efferent system rather than by a pathway 
acting directly upon the « motoneurones. The compensatory movement conse- 
quent to an angular acceleration in the horizontal plane would appear to be 
brought about by an asymmetrical increase in muscle tone rather than by a 
reciprocal pattern of activity in which it is increased on the one side and 
decreased on the other. 


A choline ester and other substances in the Garden Tiger Moth, 
Arctia caja(L). By G. W. Bisset, J. F. D. Frazer, Miriam Roruscuitp 
and M.Scuacuter. Departments of Pharmacology and Physiology, Charing 
Cross Hospital Medical School, London, W.C.2, and the Department of 
Physvology, University College London 

The tissues of the Garden Tiger Moth, Arctia caja (L), were examined for 

pharmacological activity as a result of painful stings experienced on two 

occasions while handling this insect. Although there was no evidence of a 

stinging organ, two active substances were found. 

(1) A choline ester, present in very high concentrations in the fluid exuded 
from the cervieal (prothoracic) ‘defensive’ glands. The activity of the fluid was 
equivalent toseveral hundred ug/ml. acetylcholine when tested on the frog rectus 
abdominis muscle. It appears to be confined to these glands. The activity of the 
region containing the glands was equivalent to 800-2000 yg acetylcholine/g 
freeze-dried tissue. The active substance produced the characteristic contrac- 
ture of the frog rectus muscle, was rapidly inactivated by incubation with 
serum, stabilized by eserine, and antagonized by tubocurarine; it also 
caused contraction of the isolated guinea-pig ileum and this effect was 
antagonized by atropine. When assayed against acetylcholine its activity was 
more than 300 times greater on the frog rectus than on the guinea-pig ileum. 
It was stable in 01-n-HCl but rapidly destroyed when heated in 0-1n-NaOH. 
It was readily eluted from paper chromatograms and reacted strongly with 
iodine, but not at all-with Pauly’s reagent or ninhydrin, nor was it visible 
when exposed to ultra-violet light. In the n-propanol: formic acid : water solvent 
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(8:1:1) its Ry value was 0-91 which readily distinguished it from acetyl-, 
propionyl-, and butyryleholine, which had Ry values of 0-72, 0-79 and 0-86 
respectively. Choline was identified in paper chromatograms of the hydroly- 
sate of the active material and the original active spot was no longer present. 

(2) A non-dialysable, heat-labile, toxic substance. The intravenous injection 
into guinea-pigs of an extract containing 5-10 mg/kg freeze-dried tissue from 
the abdomen of the moth caused death in 2~10min. Death was probably caused 
by bronchospasm as the lungs were always markedly inflated as in guinea-pig 
anaphylaxis. Heating the extract in a boiling water-bath for 2 min destroyed 
the toxicity. The same extract also markedly increased capillary permeability 
in guinea-pig skin and released histamine from perfused cat skin. 

Histamine and 5-hydroxytryptamine were not detected in the tissues of 
Arctva caja. Some other moths, however, did contain a very high concentra- 
tion of histamine in some tissues. By far the highest histamine concentration 
was always in the abdomen. For example, the White Ermine, Spilosoma 
lubricypeda (L) and Cinnabar, Hypocrita jacobaeae (L), contained histamine in 
concentrations of 750 ug/g freeze-dried abdominal tissue. 


Antagonism of cocaine to the effect of choline-2:6-xylyl ether 
bromide (TM 10) on the liberation of sympathin. By W. H. H. 
AnpDREws and P. A. Nasmytu. Department of Pharmacology, St Mary’s 
Hospital Medical Schooi, London, W. 2 

Exley (1957) has reported that choline-2:6-xylyl ether bromide (TM 10) 
prevents the liberation of sympathin at splenic nerve endings in cats. By 
using an oncometer to record contractions of the spleen, and by measuring the 
amount of sympathin in the splenic venous outflow with a technique similar 
to that of Brown & Gillespie (1957), we have obtained results which are in 
substantial agreement with those of Exley. 

The contractions of the spleen in response to submaximal stimuli of 0-35 msec 
duration applied for 2 sec at regular intervals were gradually reduced by 
TM 10, 5 mg/kg given intravenously. When there was no response, an increase 
in the strength of the stimulus was without effect. A larger dose of TM 10 
injected intravenously did not prevent contraction of the spleen in response 
to nerve stimulation, when 2 mg/kg of cocaine was injected beforehand. 

To determine the effects of TM 10 and cocaine on the secretion of sympathin 
at splenic nerve endings, supramaximal stimuli of 0-35 msec duration were 
applied for 10 sec at the beginning of the blood collection periods of 30 sec. 
The nerves were stimulated every 10 min throughout the experiment and 
resting samples were collected immediately before stimulation. Within 20 min 
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of injecting TM 10, 10 mg/kg intravenously, in atropinized cats, the amount 
of sympathin liberated into the splenic venous blood when the splenic nerves 
were stimulated was considerably reduced and was sometimes undetectable. 
When the same dose of TM 10 was injected into cats previously given cocaine 
2 mg/kg, the liberation of sympathin in response to nerve stimulation was not 
reduced. It was also shown that after a dose of TM 10 of 10 mg/kg had pro- 
duced a reduction in the liberation of sympathin, the injection of cocaine 
2 mg/kg restored it to some extent. 

The pattern of events described for the actions of TM 10 upon the liberation 
of sympathin in the spleen and the effects of cocaine upon them is duplicated 
almost exactly when the cervical sympathetic nerve is stimulated and the 
contractions of the nictitating membrane are recorded. The time taken by an 
intravenous dose of TM 10, 5 mg/kg, to eliminate the nictitating membrane re- 
sponse in nine experiments varied from 10 to 105 min. Prior administration of 
cocaine 2 mg/kg prevented abolition of the response. When the response was 
abolished by TM 10, 5 mg/kg, cocaine restored it immediately and almost 
completely. With larger doses of TM 10, cocaine was less effective in restoring 
the responses of the nictitating membrane. 
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Regeneration of the optic nerve in Xenopus laevis. By R. M. Gazz. 
Physiology Department, University of Edinburgh 

In some amphibians and fishes the optic nerve will regenerate after being cut; 
the animals then regain apparently normal vision (Sperry, 1944). This 
phenomenon has been investigated in Xenopus laevis by an electrophysio- 
logical technique. Action potentials were recorded from the optic lobes of 
normal animals, after stimulation of the eyes with a stationary light of small 
angular size. A continuous map of the visual field was found on the optic 
lobe, comparable to that in the frog (Gaze, 1958). 

In a series of Xenopus tadpoles (stages 54-58 of Nieuwkoop & Faber, 1956) 
one optic nerve was cut and allowed to regenerate. Some of the animals later 
showed recovery of visual function, when tested by their optokinetic reactions. 
When the pattern of electrical responses from the optic lobe was investigated 
in these animals after metamorphosis, it was found that the normal functional 
projection from the retina had been re-established. 

In a further series of Xenopus tadpoles the optic nerve section was accom- 
panied by rotation of the eye round the optic axis. After regeneration of the 
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nerve had taken place, the representation of the retina on the optic lobes was 
studied and it was found that the map of the visual field on the lobe was 
rotated to a similar extent. 

These results confirm the observations of Sperry (1944) and also show that 
the regenerated optic nerve fibres establish again the appropriate functional 
connexion between each part of the retina and each corresponding part of the 
optic lobe. 


REFERENCES 


Gaze, R. M. (1958). Quart. J. exp. Physiol. 48, 209-214. 

Nieuwkoop, P. D. & Faber, J. (1956). Normal Table of Xenopus laevis (Daudin). 
Amsterdam: North-Holland Publishing Company. 

Sperry, R. W. (1944). J. Neurophysiol, 7, 57-69. 


The role of sorbitol in the formation of foetal fructose in the 
sheep. By W. H. H. Anprews, H: G. Brirron and D. A. Nrxon. 
Departments of Pharmacology and Physiology, St Mary’s Hospital Medical 
School, London, W. 2 

Hers (1957 a, 6) found large quantities of sorbitol present in sheep foetal blood 

and suggested that the fructose in the foetal blood was formed by the reduction 

of glucose to sorbitol in the placenta, followed by the oxidation of sorbitol to 
fructose in the foetaleliver. However, Alexander, Huggett, Nixon & Widdas 

(1955) had shown that the perfused placenta itself produced fructose, glucose 

being probably the precursor. Further, although Britton (1958) confirmed the 

presence of sorbitol, the amounts in fresh foetal blood were small. 

To estimate sorbitol a method was developed using paper chromatography, 
since the Faulkner (1956) method (used by Hers) was found to be invalidated 
by other substances, the most important being apparently glycerol. 

Perfusion of the placenta using the recirculating technique of Alexander 
et al. yielded a sorbitol concentration in the perfusing blood that was low and 
which increased only slowly during the initial stages of the perfusion. Subse- 
quently, however, the rate of rise of sorbitol increased, becoming comparable 
with and sometimes exceeding that of fructose. The introduction of glucose 
into the reservoir or its administration to the mother was without any 
very marked effect. During the perfusion there was a rise in the glycerol 
concentration. 

Perfusion of the foetal liver showed that the liver did not produce fructose 
even when glucose was added, nor was there any apparent fructose removal. 
When sorbitol was added to the reservoir, however, a rapid and probably 
quantitative conversion occurred into fructose, confirming the observations of 
Hers (1957 a) on liver slices. 


If the conditions early in placental perfusion are taken as representative of 
c-4 
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the normal, these results do not suggest any large formation of sorbitol by the 
route described by Hers. The increase in production of sorbitol with perfusion 
time remains unexplained. It resembles the post-mortem rise in sorbitol 
content of the sheep seminal vesicle (Britton, 1958) and may be due to anoxia 
or alternatively it may be due to a loss of sorbitol, which may normally be 
contained intracellularly. 

Sorbitol dehydrogenase activity was found by Neil, Walker & Warren (1957) 
in the sheep placenta and this has been confirmed in placentae of various 
ages. Thus, it is still possible that fructose is formed from glucose via sorbitol 
but that the entire reaction takes place in the placenta. 
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Effects of anaesthesia upon responses to repeated cooling. By 
E. M. Guaser* and T. B. Yar. Department of Physiology, University of 
Malaya, Singapore 

Experiments were performed on sixteen female rats weighing 190 g. The rats 

were reared and the experiments carried out at room temperatures near D.B. 

28° C, w.B. 24°C. On each of fourteen consecutive days each rat was im- 

mersed vertically and up to the ears for 104 min daily in a stirred water-bath 

at 10°C (+0-5). Eight rats were conscious in every test and eight were 

anaesthetized by chloralose 100 mg/kg intramuscularly before every im- 

mersion. The heart rate was counted for 30 sec from e.c.g. records through 

leads clipped to indwelling platinum loops. During immersion the rats were 
held and shielded by lead cages lined with sponge rubber. The rats tested 
without anaesthesia were placed vertically in these cages for 30 min daily on 

6 consecutive days before the first immersion and for 30 min before each 

immersion. 

After 30 min in the lead cages, the mean heart rate of the conscious rats was 
463 beats/min on the first preliminary day, 447 beats/min before the first 
immersion, and 414 beats/min before the 14th immersion, which suggests that 
these rats may have become slightly habituated to being in the cages, though 
this was not statistically significant. During the first 30 sec of the first im- 


* Present address: Department of Physiology, The London Hospital Medical College, London, 
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mersion at 10° C the mean heart rate of the conscious rats rose by 29 beats/ 
min, but on successive days this slight initial rise gradually disappeared. 
After 10 min at 10° C the mean heart rate of the conscious rats decreased by 
281 beats/min during the first immersion but only by 183 beats/min during 
the last, the dimimution of the fall of heart rate being both progressive and 
significant. 

The heart rate of anaesthetized rats was slightly lower than that of conscious 
rats, both before and during the first 30 sec of the first immersions at 10° C, 
but its mean decrease during the first immersion was only 71 beats/min. 
Initial and final levels of the heart rate remained similar, and they only 
showed apparently random daily fluctuations during fourteen subsequent 
immersions. (Tests on control rats, which were not immersed at all, showed 
that during chloralose anaesthesia on 14 consecutive days the heart rate 
varied little from day to day or on any one day.) 

Although anaesthesia altered the heart rate at rest and during cooling, the 
finding that conscious rats were able to modify their responses after repeated 
cooling, whereas anaesthetized rats were unable to do so, conforms with previous 
evidence that an inhibition of responses by the brain may play a part in 
acclimatization (Glaser & Whittow, 1957; Glaser, Hall & Whittow, 1959). 
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Blood flow and pressure after noradrenaline infusion. By A. F. 
Lever, J. F. Mowspray and W. 8. Peart. Medical Unit, St Mary’s 
Hospital, London, W. 2 


It is known that after noradrenaline infusions there is a decline in blood 
pressure when the infusion is stopped (Blackett, Pickering & Wilson, 1950; von 
Euler & Duner, 1956). Investigations of this phenomenon have been carried out. 

In forty-seven normal human subjects a period of hypotension was found 
after an infusion of noradrenaline for 1-2 hr, during which time the systolic 
blood pressure was maintained at 160-190 mm Hg. The hypotension varied 
considerably in duration and degree but lasted for up to 2 hr. In four subjects 
given infusions for 7 hr with a constant-rate infusor it was found that the 
blood pressure declined during the infusion for the first 4 hr and then remained 
steady. There was a considerable degree of hypotension after the infusion was 

The skin blood flow was measured during infusion in nine subjects with a 
finger calorimeter. The flow showed a decrease during the infusion and a 
further marked fall during the hypotensive period. 
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The muscle blood flow was measured in the forearm with a modified Hensel 
needle (Mowbray, 1959). The recordings showed a decrease in flow at the 
beginning of the infusion and after a delay of 7-15 min a slow increase in flow for 
periods up to 4 hr. After this time the flow remained at the high level reached. 
During the hypotensive period the muscle blood flow was still increased. 

Sustained increase in muscle blood flow during infusions of adrenaline has 
previously been shown in man and animals, but not with noradrenaline 
(Allen, Barcroft & Edholm, 1946; Cobbold, 1954; Barcroft, Gaskell, Shepherd 
& Whelan, 1954). 

Similar results were found in the muscle blood flow of anaesthetised dogs, 
the venous effluent from a muscle being measured with a photo-electric drop 
counter. The blood pressure also falls during constant infusions and shows a 
fall below the base line after infusion. In three rabbits and four dogs dener- 
vation of leg muscles and local anaesthesia or section of the sympathetic nerves 
did not affect the increase in blood flow. In six dogs it was found that a similar 
increase in flow occurs in a segment of small intestine. Only vasoconstriction 
occurred with intra-arterial infusions of noradrenaline into a hind-limb muscle 
of the dog, and there was no post-infusional increase in flow. 

It is therefore concluded that the most likely explanation of the changes is 
that a circulating vasodilator is present, as the increase in flow is not a 
nervous reflex nor due to a local action of noradrenaline. 
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Spontaneous subthreshold activity at denervated amphibian end - 
plates. By B. Karzand R. Mizep1. Department of Biophysics, University 
College London 


At normal myoneural junctions, packets of acetylcholine are released spon- 
taneously from the nerve terminals and produce subthreshold changes in the 
muscle fibre which are registered in the form of ‘miniature end-plate poten- 
tials’. After motor nerve section, this activity disappears together with nerve- 
muscle transmission. The failure occurs after a delay depending largely on 
temperature (frog’s sartorius: 3-4 days at 25°C, about 10 times longer at 
6° C). It has now been found that, in frogs kept at room temperature, a low- 


rate activity is resumed at the denervated end-plates several days after the 
initial failure. 
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This renewed activity resembles the normal miniature potentials in several 
respects. The discharges are localized to the end-plate region; their mean 
amplitude is roughly the same; their time course, though somewhat slower and 
more variable, is not very different. Moreover, the potentials are abolished by 
curare and, during the early stages of degeneration, increased in size by neo- 
stigmine, all of which suggests that, as in normal muscle, the potentials arise 
from a nearby source of acetylcholine. 

In other respects, there are clear differences; the average frequency of the 
discharge 1s 10-100 times less in the denervated than in the control muscle 
(mean intervals are of the order of 10—100 sec instead of 0-1-1 sec). Agents 
which strikingly increase the frequency of the normal discharge (notably 
excess potassium, and hypertonic solutions) are ineffective, or even produce 
the reverse effect (hypertonicity often reduces and hypotonicity raises the 
discharge rate in denervated muscle). Furthermore, while the mean amplitudes 
are about the same, the distribution of sizes is different, the amplitudes in the 
denervated muscle having a much wider and very ‘asymmetrical’ spread. 

The phenomena seen at denervated end-plates, namely cessation of spon- 
taneous activity and its reappearance after several days, are not associated 
with any significant changes of sensitivity of the muscle to applied acetyl- 
choline: the well-known hypersensitive state develops later. 

It appears then that, in the course of the degenerative changes of the 
presynaptic structures, the release of acetylcholine first ceases and is later 
resumed at a much lower rate (and apparently in ‘packets’ of a more variable 
size), To obtain some clue to the origin of these phenomena, it is important to 
find out what structural changes take place during this stage of myoneural 
degeneration. 


Electron-microscopic observations on degenerating nerve—muscle 

_ junctions of the frog. By R. Brexs, B. Karz and R. Mivepi. Depart- 

ment of Biophysics, University College London 
The structural changes which occur after motor nerve section were studied on 
groups of myoneural junctions of the frog sartorius whose physiological state 
(response to nerve impulses, presence of spontaneous activity) had been tested 
before fixation. 

At the normal nerve-muscle junction, three distinct cellular layers can be 
recognized: (i) a Schwann cell (which is occasionally sectioned together with 
its nucleus) forming a ‘hood’ over the axon terminal and separating it from 
the connective tissue; (ii) the motor nerve terminal with its mitochondria and 
‘vesicles’; (iii) the muscle fibre with its characteristic synaptic folds. 

After nerve section, gross changes are observed in the presynaptic structures 
at the time of transmission failure (i.e. as early as 3-4 days). At this stage, 
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complicated transitional features are seen which, however, become simplified 
a few days later, when only two cellular layers are to be found: (i) the Schwann 
cell with its nucleus, and (ii) in close contact with it, the muscle fibre whose 
junctional folds retain for some weeks a normal appearance. The relation 
between Schwann cell membrane and muscle membrane is usually indistin- 
guishable from that between nerve and muscle at a normal synapse. The 
Schwann cytoplasm is quite distinct from the normal nerve terminal and, 
while showing granular and vesicular inclusions of various sizes, it does not con- 
tain the accumulation of 500 A ‘vesicles’ characteristic of the axon terminal. 

During the earlier, transitional stage, various disintegrative changes are 
seen in the nerve terminal. Among these, an outstanding feature is the 
presence of ‘honeycomb-like’ masses consisting of apparently agglutinated 
vesicles, and the presence of abnormal, swollen mitochondria. In many 
sections, remnants of such abnormal nerve endings are found to be engulfed 
or completely surrounded by Schwann cytoplasm which ultimately replaces 
the axon terminal in its synaptic position. 

Two interesting points have emerged from this study: (a) failure of neuro- 
muscular transmission and the concurrent cessation of spontaneous miniature 
potentials appear to be associated with striking structural changes inside the 
nerve terminal, notably swelling of mitochondria and agglutination of 
vesicles. (6) Subsequently, the remnants of the nerve terminal appear to be 
ingested by the Schwann cell which has established extensive contact with the 
post-synaptic muscle membrane. It is conceivable that the Schwann cell 
produces the quanta of acetylcholine which are responsible for the reappear- 
ance of local potential changes (Katz & Miledi, 1959). 
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On the excitation of non-myelinated (C) fibres in the cat’s 
saphenous nerve by acetylcholine. By W. W. Dovetas and J. M. 
Rrrcenrs. Department of Pharmacology, Albert Einstein College of Medicine, 
New York 61 

In an earlier communication to the Society (Douglas & Ritchie, 1957b). we 

described the presence in the cat’s saphenous nerve of a large group of C fibres 

which discharge when the skin is touched or when acetylcholine is injected 
close-arterially into the skin: recently it has been found (Douglas, Ritchie & 

Straub, 1959) that many of the fibres in this group respond to cold. In addition, 

a second group of more slowly conducting C fibres was observed. These latter 

fibres do not respond to touch and were reported to be insensitive to acety]-. 


choline. The present experiments were done to study the action of acetyl- 
choline on non-myelinated fibres in more detail. 
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The technique which was used to detect and measure discharges in C fibres 
depends on the way these discharges modulate the size of an evoked antidromic 
compound action potential: the greater the discharge is, the smaller is the size 
of the antidromic action potential which is recorded (Douglas & Ritchie, 
1957a@). It was confirmed that acetylcholine (2-20 ug in 0-2 ml.) sets up a 
brisk and prolonged discharge of impulses in nearly all the C fibres in the faster 
conducting group, lasting sometimes for half a minute or more. However, it 
was also found that the previously reported insensitivity of the C fibres in the 
second group to acetylcholine is only relative, and that acetylcholine does in 
fact produce firing in these fibres although somewhat larger doses (up to 
200 yg in 0-2 ml.) are often required. 

These effects, especially in the faster mechano-sensitive group of C fibres, 
might be secondary to contraction of smooth muscle fibres in the skin produced 
directly by an action of acetylcholine on the muscle fibres themselves or in- 
directly through activity set up in their motor nerves. But this seems unlikely 
because these effects are not influenced by atropine or by Regitine (phentol- 
amine; Ciba) which blocks the peripheral effects of sympathetic nerve 
stimulation. They are, however, abolished by hexamethonium. When the 
sensitivity of the ending to acetylcholine is blocked by hexamethonium the 
response to mechanical stimulation of the skin is unaffected. 

The evidence thus suggests that acetylcholine produces firing in non- 
myelinated fibres by directly exciting their nerve endings, which thus behave 
in this respect like the endings of the myelinated fibres in the saphenous nerve 
(Brown & Gray, 1948; Douglas & Gray, 1953). Since the faster potential is 
made up of fibres which respond to touch or to cold it follows from the fact 
that acetylcholine stimulates practically all the fibres of this group that most, 
if not all, of the mechano- and thermo-sensitive fibres in this group are also 
excited by acetylcholine. 
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Discharges in non-myelinated (C) fibres in the cat’s saphenous 
nerve in response to changing the temperature of the skin. By 
W. W. Dovetas, J. M. Rirosre and R. W. Straus. Department of 
Pharmacology, Albert Einstein College of Medicine, New York 61 


There are two main groups of C fibres in the cat’s saphenous nerve. The faster 
conducting group gives rise to the larger potential and most of the fibres in 
this group respond to tactile stimulation such as stroking the skin (Douglas & 
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Ritchie, 19576). It has now been found that many C fibres in this same group 
discharge in response to cold. 

The experiments were done on a branch of the saphenous nerve supplying 
the outer aspect of the hind leg. Sensory discharges in the C fibres were measured 
by recording how they modulated an antidromically evoked compound action 
potential (Douglas & Ritchie, 1957a). The hair on the skin supplied by the 
branch was closely clipped and a bath made of aluminium foil was. placed 
against it and moulded to the shape of the limb. The skin was cooled by re- 
placing the water in the bath at about 26° C (room temperature) by cold water 
e.g. at about 12 or 1° C, or by spraying ethyl chloride on the foil. Some C fibres 
in the more quickly conducting group discharged when water at, 12° C was 
placed in the bath, and about half of them fired when the bath was filled with 
water at 1° C. Spraying the foil with ethyl chloride was even more effective, 
and when ethyl chloride was put directly on the skin all, or nearly all, of these 
faster C fibres discharged. The fibres studied by Iggo (1958), which responded 
when the skin was touched by cold rods, probably belong to this group. When 
the bath was filled with water at about 65° C, or with boiling water, little or 
no activity was observed in the faster conducting group of C fibres, although 
there seemed to be some activity in more slowly conducting C fibres. | 

The technique we have used to record activity in C fibres does not allow us 
to say whether or not there are any C fibres which respond only to touch or to 
cold; but since both touch and cold could activate the majority of the faster 
C fibres in the same preparation many of these fibres must respond to both 
forms of stimulation. 
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Local response of human cutaneous blood vessels to infra-red 
radiation. By G. W. Crockrorp and R. F. Hetton. M.R.C. Unit for 
Research on Climate and Working Efficiency, Department of Human 
Anatomy, University of Oxford | 

While it is clear from common observation that infra-red radiation is a power- 

ful vasodilating agent, no study appears to have been made of this response in 

areas of the body directly exposed to radiation, nor is it clear if the response is 

similar to the reflex one described by Kerslake & Cooper (1950). 

Blood flow in the forearm has been measured when its skin was irradiated 
by three 75 W tungsten-filament lamps disposed radially round the forearm 


at a distance of 22 cm. The mercury-in-rubber strain-gauge or 
was used to measure blood flow. 
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For 1-5-2 min after switching on the lamps there was no change in blood 
flow, but thereafter there was a slow rise giving a mean increase of 5-0 ml./ 
100 ml./min after 10 min of irradiation in ten experiments on four subjects. 
The lamps were then extinguished and the flow declined very slowly, often not 
reaching the initial level after 30 min of observation. 

Irradiation of one forearm had no effect on the blood flow in the opposite 
arm. However, when only the proximal part of the forearm was irradiated, 
the distal part also showed a dilatation with the same time course as the 
proximal part. The response could be detected at a distance of 12 em from the 
nearest irradiated skin. This evidence suggests that the nervous system may 
play some part in spreading and co-ordinating the vasodilatation: in non- 
irradiated areas. | 

In its slowness of onset and decay, the reaction is distinct from the reflex 
response to radiation (Kerslake & Cooper, 1950). 
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The effects of bronchial and arterial constriction on the alveolar gas 
concentration in a lobe of the dog’s lung. By P. Hueu-Jonzs and 
J.B. West. Postgraduate Medical School, Ducane Road, London, W. 12 


The sampling tube of a mass spectrometer (Fowler & Hugh-Jones, 1957) was 
introduced down a bronchoscope into the left lower lobe bronchus of anaes- 
thetized, open-chested dogs, which were ventilated by a plethysmograph, and 
the local gas concentrations were continuously recorded from the — 
meter on a four-channel direct-wiring recorder. 

Partial bronchial and/or arterial obstruction was produced at will by 
tightening clamps on the bronchus and the branch of the pulmonary artery 
supplying the lobe. Characteristic patterns of oxygen, carbon dioxide and 
argon concentration (following a single inspiration of argon air mixture) were 
found with partial bronchial obstruction, arterial obstruction or a combination 
of both. The patterns can be explained by alterations in the ventilation- 
perfusion ratios and in the phase of ventilation of the obstructed lobe compared 
with the rest of the lung. 
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Patterns of gas flow in the upper bronchial tree. By P. Hucu-Jonzs 
and J. B. West. Postgraduate Medical School, Ducane Road, London, W. 12 


The flow of coloured liquids and of gases through a hollow cast of the bronchial 
tree has been studied in order to determine the patterns of gas flow. Observa- 
tions from the cast were confirmed by measurements made on anaesthetized, 
open-chested dogs and on human subjects during routine diagnostic bron- 
choscopy. 

It was found that flow is laminar throughout the bronchial tree at low expira- 
tory rates of flow (up to 101./min) and turbulent proximal to the segmental 
bronchi at high rates of flow (801./min.). Gas from segmental bronchi was not 
uniformly mixed in the lobar or main bronchi which they supplied, either at 
low or at high expiratory rates of flow. The composition of catheter samples in 
these airways will therefore not be representative of the alveolar gas in the 
corresponding lobe or lung unless the alveolar gas in all areas distal to the 
sampling tube is homogeneous. 


The vitamin B,,, folic acid and ascorbic acid content of bone 
marrow cells in pernicious anaemia. By W. T. Cooxg, E. V. Cox, 
R. Gappie, D. M. Marruews and M. J. Meyne.i. The General Hospital, 
Birmingham, and Department of Pathology, The Royal Free Hospital, 
London, W.C. 1 
Among the substances necessary for normal erythropoiesis are vitamin B,,, 
folic acid or related compounds, and ascorbic acid. Disturbances of folic acid 
(FAA) and ascorbic acid metabolism have been demonstrated in pernicious 
anaemia (Cox, Meynell, Cooke & Gaddie, 1958; Cox, Gaddie, Matthews, Cooke 
& Meynell, 1958). In an attempt to clarify the inter-relationship between 
these factors, we have measured the concentrations of vitamin B,, activity, 
FAA and ascorbic acid in the bone marrow cells of patients with pernicious 


anaemia. The methods used have been described (Cooke, Cox, Gaddie, 
Matthews & Meynell, 1959). 


TaB_e 1. The concentrations of vitamin B,, activity, FAA and ascorbic acid in the marrow- 
cell layer of twelve control subjects and ten patients with pernicious anaemia 


B,, activity FAA Ascorbic acid 
(pg/ml.) (ng/ml.) (mg/100 ml.) 
| Control subjects 
Mean 12,000 347 13-1 
8.E. 1,265 57 0-83 
Range (6,900—19,800) (95-726) (6-5—16-6) 
Pernicious anaemia 

Mean 3,950 182 6-5 
8.E. 756 31-5 0-90 
Range 


(1,340-8,250) (49-311) | (2-0-10-8) 
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The results are shown in Table 1, which also gives normal values. The 
concentration of all the substances measured are significantly reduced in 
pernicious anaemia (P= < 0-001 in each instance). The low concentration of 
FAA may be the result of vitamin B,, deficiency, the dyshaemopoiesis, or the 
anorexia commonly occurring in pernicious anaemia. Its significance is at 
present obscure. Will, Mueller, Glazer, Friedman & Vilter (1953) suggested 
that the lowered ascorbic acid concentration was due to conversion to dehydro- 
ascorbic acid. This, however, cannot be the explanation, since the method 
used in the present investigation measures dehydroascorbic acid in addition to 
the reduced form, and the values obtained are still abnormally low. 
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Renal excretion of ketone bodies in post-exercise ketosis. By 
R. E. Jonnson* and R. Passmore. Physiology Department, University 
of Edinburgh 

Acetoacetic acid has a central place in current schemes of intermediary 

metabolism. In the body it is readily reduced to B-hydroxybutyric acid and 

these two substances are the principal ‘ketone bodies’ which are present in 
increased amount in blood and urine in pathological conditions such as 
diabetes mellitus, during starvation, and after prolonged moderate exercise 

(Passmore & Johnson, 1958). For quantitative studies of ketosis it is impor- 

tant to know how the kidney deals with each of these substances. We have 

studied the relations between acetoacetic acid and B-hydroxybutyric acid in 
the blood and urine in one healthy subject during post-exercise ketosis. 

In the serum the concentrations of the two were linearly related, but 
B-hydroxybutyrate was always predominant. The rate of urinary excretion of 
acetoacetate was linearly related to the concentration in the serum, but the 
rate of excretion of B-hydroxybutyrate was exponentially related to its serum 
concentration. In the urine the acetoacetate was related to an exponential 
function of the B-hydroxybutyrate, such that at low concentrations aceto- 
acetate was preponderant, and at high concentrations B-hydroxybutyrate. 
The equations expressing these relations are given below. The symbols used 


* Professor of Physiology, University of Illinois, U.S.A., on sabbatical leave during tenure of 
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are as follows: UV = rate of urinary excretion (umole/min); S = serum 
concentration (m. mole/l.); A = acetoacetate; B = B-hydroxybutyrate. 


Correlation 
Equation coefficient P 
S4 = 0-648p 0-27 0-91 <0-01 
UV, = 808, +3-5 0-87 <0-01 
log = 0-615, 0-34 0-88 <0-01 
= 90log UVp +46 0-86 <0-01 
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Glycogen determination in the placenta and other tissues. By 
A. Buck. Department of Physiology, St Mary’s Hospital Medical School, 
London, W. 2 


A method was developed for determining the glycogen content of tissues, having 
particular regard for tissues containing small quantities of glycogen. It is 
based on that of Pfliiger as modified by Good, Kramer & Somogyi (1933). Two 
points in the development of the method that led to improvement were testing 
the various stages for impurities or reversion products by various tests in- 
cluding chromatography, and secondly the estimation of glucose enzymatically 
(Huggett & Nixon, 1957), which enables it to be distinguished from other 
reducing sugars. Using standard glycogen 80° recovery was obtained and the 
remaining 20°%, was accountable as non-glycogen impurities or determined 
reversion products. 

Tissues divide into those which are rich and those which are poor in glycogen. 
The former, which include rabbit placenta, yield a glycogen of the same order 
of purity as the standard glycogen and yield only glucose on hydrolysis. The 
others, which include foetal membranes and sheep cotyledons, are very 
impure and yield on hydrolysis reducing sugars other than glucose. Previous 
workers will have got falsely high glycogen results if these reducing sugars 
were taken as glucose. Enzymotic determination of glucose excludes them. In 
sheep cotyledons, in one experiment the total reducing substances were 82°, 
greater than the glucose. 

The precipitate from sheep cotyledons and membranes or from rabbit 
membranes was hydrolysed and galactose, mannose, fucose, xylose, inositol 


and sorbitol were chromatography identified. The first three may come from — 


mucopolysaccharides though the galactose may well come from galactogen. 
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Comparative foetal blood sugars. By A. St G. Huecerr. Department 
of Physiology, St Mary's Hospital Medical School, London, W. 2 
Claude Bernard (1855) first found fructose in blood, in the vessels of the foetal 
calf. Bacon & Bell (1948) clinched the chemical identification but also showed 
glucose was present as well. Huggett, Warren & Warren (1951) showed fruc- 
tose was made by. the placenta, which was essential for its production. This 
explained its disappearance after birth. Goodwin (1952, 1956) examined 
several mammalian foetuses and showed they fall into two groups, those with 
considerable quantities and those with only traces of fructose (both in addition 
to glucose). He showed the former were exclusively Ungulata or Cetacea. 
Since then it has been possible to extend these observations, owing to the 
kindness of Professor Cecil Luck and Dr P. G. Wright of Makerere College, 
Uganda, of Mr H. W. Symons and Mr Gordon Williamson of 8.8. Balaena and 


TaBLE 1. Glucose (G) and fructose (F) (mg/100 ml.) 
Amniotic  Allantoic 


Blood fluid fluid 
G F G F BR (days) 

Ungulata . 

Hippopotamus (1) 507 Es —- — 219 

Hippopotamus (2) 1290 10 — 167 

Antelope (Kob) 68 — 
Mysticeti 

Fin (1) — — — 2222 

Fin (2) _ — — — 128 400 _ 

Fin (3) 3 0s — 

(4) — 

Fin (5) 74 

Fin (6) 104 a - 

Odondoceti 

Pilot (1) 5-0 6-0 

Pilot (3) 10 110 6 — 


* Full term in the hippopotamus is 230 days. 


by personal investigations in the Faroe Islands on Pilot whales. The results 
are shown in Table 1. 

These findings show that in addition to the Mysticete (balaen whale) 
foetuses described by Goodwin, the Odontocete (toothed) pilot whale is 
fructogenic; so far no fructose has been detected in species other than 
Ungulata or Cetacean types: they therefore confirm his generalization of its 
confinement to these types and that the Ungulata include, with the Ruminants, 
even more Non-ruminants. 
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The expenses of the expedition to the Faroe Islands were defrayed by the Royal Society and 
remainder of the work by the donors and by the Medical Research Council. 
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The effect of temperature on the response of arterial muscle to 
vasoconstrictor drugs. By D. A. Davey.* Department of Physiology, 
St Mary’s Hospital Medical School, London, W. 2 


The isometric contractions of perfused segments of rabbit femoral arteries 
produced by adrenaline, noradrenaline, 5-hydroxytryptamine (5-HT), hista- 
mine and vasopressin were measured by the method of Davey (1956). The re- 
sponses were measured at 17, 27, 37 and 42° C after 30 min equilibration at 
the new temperature (Fig. 1). 


8 ng noradrenaline 160 ng S-HT 80 ng histamine 
37°C 27° 
42°C 37°C 
°C 2° c- 
17°C 
= 0 
Time (min) 
: 6 160 m-u vasopressin 
4 
37° C 
0 
(min) 


Fig. 1. The effect of temperature on the isometric contractions of the rabbit femoral artery 
produced by noradrenaline, 5-HT, histamine and vasopressin. 


The isometric angiomyograms produced by a specified drug at a given 
temperature have a constant shape which can be characterized by the rate of 
rise of tension, the time from the start to the peak of the contraction, and the 


° Present address: Institute of Obstetrics, Ducane Road, London, W. 12. 
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peak tension. Increase in temperature from 17 to 37° C causes (a) an increase. 
in the rate of rise of tension and (b) a decrease in time to peak tension. 
With increase from 37 to 42°C, the time to peak tension continues to 
decrease whereas the rate of rise of tension is (a) increased with adrenaline and 
noradrenaline, (6) unaltered with vasopressin and (c) decreased with 5-HT 
and histamine. 

The relative changes in rate of rise of tension and time to peak with change 
of temperature determine the changes in peak tension. With increase from 
17 to 27° C the effect of the increase in rate of rise of tension is greater, so that 
the peak tension is increased. From 27 to 37° C, with adrenaline and noradren- 
aline the rate of rise of tension predominates and the peak tension is increased. 
With 5-HT, histamine and vasopressin, the decrease in the time to peak pre- 
dominates and the peak tension is decreased. Above 37° C the time to peak 
and the peak tension of the responses to all drugs is decreased. 

With increase in temperature from 17 to 42° C arterial muscle appears in 
general to respond more actively to vasoconstrictor drugs but to return more 
quickly to the initial state. 
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The maximum length for contraction in striated muscle. By 
A. F. Huxury and L. D. Peacury. Physiological Laboratory, University 
Cambridge 
If stimulated muscle develops tension by an interaction between the two sets 
of filaments in the regions where they overlap, then contraction should cease 
when 4 fibre is stretched beyond a sarcomere length (about 3-5 yu) equal to the 
sum of the lengths of the A (1-5 ) and I (2-0 u) filaments. Earlier observations 
(e.g. Ramsey & Street, 1940) showed that a fibre does not contract if suffi- 
ciently stretched, but sarcomere lengths were not measured ; we have attempted 
to fill this gap, using isolated fibres from the frog’s semitendinosus muscle. 
Isometric recording of tetanus tension was found to be inconclusive because 
_ sarcomere length was not uniform, being much less for a few tenths of a milli- 
metre at each end of a stretched fibre than elsewhere. Thus, sarcomere length 
might be 3-0 » at the extreme ends, but 3-6-3-7 uw over the middle 90% of the 
fibre. When a fibre at this length was stimulated tetanically, tension rose 
slowly (as noted by Ramsey & Street, 1940) and the ends shortened greatly, 
stretching the middle part. 
To eliminate this effect of contraction at the ends, shortening in the middle 
of the fibre was recorded cinematographically during tetanic stimulation under 
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isotonic conditions, at a magnification sufficient to show the striations clearly. 
At the beginning of an experiment, it was regularly found that a region of a 
fibre with a sarcomere length of 3-5 » shortened greatly on stimulation, but 
if further stretched to 3-6 y, it did not shorten at all, although total fibre 
length decreased owing to shortening at the ends. This result agrees with the 
hypothesis, within the uncertainty with which the filament lengths are known. 
Sometimes after a fibre had contracted several times from about 3-5 y, 
shortening would occur from 3-6 or 3-7 w per sarcomere, but in these cases 
some parts of the fibre in the field of view shortened while others did not, and 
it is probable that the resting sarcomere length was not really uniform at the 
measured value. 

Attempts to repeat this experiment on a whole muscle (extensor longus 
digiti IV) were unsuccessful because the fibres broke when stretched to about 
3-5 ws per sarcomere. It was, however, found that in a stretched muscle the 
sarcomeres were much shorter at the extreme ends of the fibres than elsewhere, 
so that isometric recording of tetanus tension is unreliable, as a measure of 
sarcomere activity, here as well as in the isolated fibre. These results were 
illustrated by cine records. 
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Competitive adsorption as one factor in the diffusion of ions into 
muscle. By E. J. Harris and R. A. Ssoptn. Biophysics Department, 
Unwersity College London 

There is considerable evidence that adsorption of K on some sites near the 

surface of the red cell or yeast cell determines the subsequent rate of move- 

ment into the cell (Streeten & Solomon, 1954; Shaw, 1955; Rothstein & Bruce, 

1958). Studies of the movement of K and Rb into muscle in the presence of Na 

show that the kinetic data can be fitted by assuming that the three ions 

compete for adsorption in the region from which entry occurs. The selectivity 
factor for K ions, as defined by ky = K,Na,/K,Na, where the subscripts 
distinguish adsorbed and external concentrations, is 4, while the corresponding 
ky is 10-7. The limiting rate for K or Rb attained at high concentrations in 
the absence of significant competition from other cations is supposed to corres- 
pond to saturation of the sites with the respective ion. 

It is interesting that Rb actually moves into the muscle more slowly than K 
despite its greater adsorption because of its lower diffusivity. The figure com- 

pares some values of the slope of the linear part of the uptake of either K 


aw 
< 
4 
ix 
Ld 


SOCIETY, 20-21 FEBRUARY 1959 57 P 


or Rb plotted against the square root of the time (Hill, 1928) with values 
calculated from the expressions: 


K uptake slope in m-equiv/ _ CDLK, 
kg tissue per (time in min)}# 4K,+Na,+10-7Rb,’ 
Rb uptake slope in m-equiv/ CDg,Rb, 


kg tissue per (time in min)t — 10‘7Rb, + Na,+4K,’ 
with CD} = 61-5 and CDj#, = 38-5. 
The constant C includes as factors the surface: volume ratio and a term 
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Calculated slope 
Fig. 1. Observed and calculated slopes of tracer uptakes measured in the period during which the 
uptake is linearly related to the square root of the time. O, Rb experiments; @, K experi- 
ments. Note that the external concentrations Na,, K, and Rb, were all subject to changes 
between individual experiments. The slopes are expressed in m-equiv. K or Rb exchanged 
per Kg tissue per unit interval of (time in minutes). | 


expressing the interaction between the adsorbed ion and the cell interior. The 
former is assumed to be constant for a sartorius of given weight, which is 
only approximately justified; the latter term is assumed to be invariant. 
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A model to illustrate the effects of noise at a sensory nerve 


terminal. By A. J. Butier. Sherrington School of Physiology, St 
Thomas’s Hospital Medical School, London, E.C. 1 
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